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Human  Erythrocyte  Myosin:  Identification  and  Purification 


VELIA  M.  FOWLER,  JONATEHAN  Q.  DAVIS,  and  VANN  BENNETT 
Department  of  Cell  Biology  and  Anatomy,  The  lohns  Hopkins  University  School  of  Medicine,  Baltimore, 
Maryland  2/205.  Dr.  Fowler's  present  address  is  Department  of  Anatomy,  Harvard  Medical  School, 
Boston,  Massachusetts  02115. 


Abstract  Human  erythrocytes  contain  an  M,  200,000  polypeptide  that  cross-reacts  specifi¬ 
cally  with  affinity-purified  antibodies  to  the  M,  200,000  heavy  chain  of  human  platelet  myosin. 
Immunofluorescence  staining  of  formaldehyde-fixed  erythrocytes  demonstrated  that  the  im- 
munoreactive  myosin  polypeptide  is  present  in  all  cells  and  is  localized  in  a  punctate  pattern 
throughout  the  cell.  Between  20-40%  of  the  immunoreactive  myosin  polypeptide  remained 
associated  with  the  membranes  after  hemolysis  and  preparation  of  ghosts,  suggesting  that  it 
may  be  bound  to  the  membrane  cytoskeleton  as  well  as  being  present  in  the  cytosol.  The 
immunoreactive  myosin  polypeptide  was  purified  from  the  hemolysate  to  ~85%  purity  by 
DEAE-cellulose  chromatography  followed  by  gel  filtration  on  Sephacryl  S-400.  The  purified 
protein  is  an  authentic  vertebrate  myosin  with  two  globular  heads  at  the  end  of  a  rod-like  tail 
~150-nm  long,  as  visualized  by  rotary  shadowing  of  individual  molecules,  and  with  two  light 
chains  (M,  25,000  and  19,500)  in  association  with  the  Mr  200,000  heavy  chain.  Peptide  maps 
of  the  Mr  200,000  heavy  chains  of  erythrocyte  and  platelet  myosin  were  seen  to  be  nearly 
identical,  but  the  proteins  are  distinct  since  the  platelet  myosin  light  chains  migrate  differently 
on  SDS  gels  (Mr  20,000  and  17,000).  The  erythrocyte  myosin  formed  bipolar  filaments  0.3- 
0.4-jrm  long  at  physiological  salt  concentrations  and  exhibited  a  characteristic  pattern  of 
myosin  ATPase  activities  with  EDTA,  Ca"+,  and  Mg++-ATPase  activities  in  0.5  M  KCI  of  0.38, 
0.48,  and  <0.01  ^mol/min  per  mg.  The  Mg++-ATPase  activity  of  erythrocyte  myosin  in  0.06  M 
KCI  (<0.01  /imol/min  per  mg)  was  not  stimulated  by  the  addition  of  rabbit  muscle  F-actin.  The 
erythrocyte  myosin  was  present  in  about  6,000  copies  per  cell,  in  a  ratio  of  80  actin  monomers 
for  every  myosin  molecule,  which  is  an  amount  comparable  to  actin/myosin  ratios  in  other 
nonmuscle  cells.  The  erythrocyte  myosin  could  function  together  with  tropomyosin  on  the 
erythrocyte  membrane  (Fowler,  V.  M.,  and  V.  Bennett,  1984, 1.  Biol.  Chem.,  259:5978-5989) 
in  an  actomyosin  contractile  apparatus  responsible  for  ATP-dependent  changes  in  erythrocyte 
shape. 


Underlying  the  plasma  membrane  of  eucaryotic  cells  is  a 
cytoskeletal  actin  filament  network  that  is  believed  to  play  a 
structural  role  in  determining  cell  architecture  as  well  as  a 
dynamic  role  in  generating  membrane  movements.  The  mo¬ 
lecular  organization  of  this  membrane  cytoskeleton  is  best 
understood  in  the  human  erythrocyte,  a  cell  with  a  unique 
biconcave  disk  shape,  remarkable  deformability  properties, 
and  no  intracellular  membranes  or  organelles.  The  available 
evidence  indicates  that  the  erythrocyte  membrane  cytoskele¬ 
ton  is  constructed  of  many  short  actin  filaments  (~  12-20 
monomers  long)  (26.  35)  that  are  cross-linked  into  an  anas¬ 
tomosing  network  in  the  plane  of  the  membrane  by  long, 
flexible  spectrin  molecules  in  association  with  an  M,  ~80,000 


helper  protein,  band  4.1.  The  entire  cytoskeletal  ensemble  is 
attached  to  the  cytoplasmic  surface  of  the  membrane  via  the 
specific  association  of  spectrin  with  ankyrin,  an  M,  ~2 10,000 
protein  that  is  itself  tightly  bound  to  the  cytoplasmic  domain 
of  band  3,  the  anion  channel,  and  major  integral  membrane 
protein  (for  recent  reviews,  see  references  5.  7).  The  recent 
isolation  of  spectrin-  and  ankvrin-likc  proteins  from  nonc- 
rythrocyte  cells  and  tissues  and  their  localization  on  the 
plasma  membrane  (4,  10)  encourage  the  view  that  the  orga¬ 
nization  of  the  erythrocyte  membrane  cytoskeleton  could 
indeed  be  representative  of  the  plasma  membrane  cytoskele¬ 
ton  of  nucleated  cells,  at  least  in  certain  regions.  However,  as 
currently  depicted,  this  model  is  an  essentially  static  one  and 
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does  not  account  for  the  plasma  membrane  movements  of 
nucleated  cells  (e.g.,  membrane  ruffling,  filopodial  extension 
and  retraction,  and  endo-  and  exocytosis),  nor  for  dynamic 
ATP-dependent  discocyte-echinocyte  shape  transformations 
of  erythrocytes  (22,  24,  34,  37). 

We  describe  here  the  identification  and  purification  of 
myosin  from  human  erythrocytes.  The  erythrocyte  myosin 
was  found  to  be  present  with  respect  to  the  erythrocyte  actin 
in  a  ratio  of  about  80  actin  monomers  to  1  myosin  molecule, 
an  amount  comparable  to  actin/myosin  ratios  in  other  non- 
muscle  cells.  In  addition,  we  have  recently  identified  a  non¬ 
muscle  from  of  tropomyosin  on  the  erythrocyte  membrane 
that  is  present  in  sufficient  quantities  to  almost  completely 
coat  all  of  the  short  actin  filaments  in  the  membrane  cyto- 
skeleton  (14).  This  suggests  that  the  erythrocyte  myosin  is  not 
simply  a  relic  from  a  previous  developmental  stage  of  the  cell 
and  supports  the  hypothesis  that  a  membrane-associated  ac- 
tomyosin  contractile  apparatus  could  be  responsible  for  ATP- 
dependent  changes  in  erythrocyte  shape  and  deformability. 

MATERIALS  AND  METHODS 

Production  and  Purification  of  Antibodies:  Myosin  was  puri- 
fied  from  outdated  human  platelets  as  described  by  Pollard  et  at.  (28)  and  was 
stored  at  4*C  as  a  slurry  in  60%  saturated  ammonium  sulfate.  Three  New 
Zealand  white  rabbits  were  injected  subcutaneously  at  multiple  sites  on  the 
back  and  sides  with  100-150  ng  each  of  native  myosin  in  complete  Freund's 
adjuvant,  followed  by  booster  injections  with  antigen  in  incomplete  Freund’s 
adjuvant  after  3  wk.  and  then  at  1-2-mo  intervals  thereafter.  Tiler  was  moni¬ 
tored  by  the  immunoblot  method  (see  below)  and  was  high  after  the  third 
injection.  Immune  serum  was  diluted  with  1  vol  of  150  mM  NaCI.  10  mM 
sodium  phosphate.  1  mM  EDTA,  1  mM  NaNj,  0.2%  (vol/vol)  Triton  X-100. 
heated  to  60V  in  the  presence  of  200  Mg/ml  phenylmethylsulfonyl  fluoride  to 
minimize  protease  activity,  and  stored  at  -20°C.  Antibody  against  platelet 
myosin  was  isolated  by  affinity  chromatography  with  myosin  coupled  to 
cyanogen  bromide-activated  Sepharose  (Cl)  4B  (Pharmacia  Fine  Chemicals, 
Piscataway.  NJ)(0.7  mg  of  mvosin/ml  of  agarose).  10-20  ml  of  immune  serum 
was  applied  to  a  3.5-ml  column,  the  column  was  washed,  and  antibody  was 
eluted  as  described  previously  (14).  Peak  fractions  (based  on  A2W))  were  pooled, 
concentrated  three-  to  fourfold  by  dialysis  into  150  mM  NaCI.  10  mM  sodium 
phosphate.  1  mM  Na  EDTA,  0.02%  NaN3.  pH  7.5,  50%  glycerol  at  4°C,  and 
stored  at  -20V.  Yields  of  purified  antibody  ranged  from  0.03  to  0.10  mg 
(based  on  /:2So  =  14)  per  milliliter  of  diluted  serum,  depending  on  the  rabbit. 
Although  the  antibodies  were  isolated  by  affinity  chromatography  with  native 
platelet  myosin,  they  were  specific  for  the  heavy  chain  and  did  not  label  the 
light  chains  in  immunoblotting  assays.  Ig  was  isolated  from  preimmune  serum 
by  affinity  chromatography  on  Protein  A-Sepharose  (14).  Affinity-purified 
antibodies  to  human  erythrocyte  spectrin  were  a  gift  from  Dr.  Peter  C.  Agre 
(Department  of  Medicine.  The  Johns  Hopkins  University  School  of  Medicine). 

Preparation  of  Hemolysate,  Membranes ,  and  Purified  Pro¬ 
teins:  Erythrocytes  were  isolated  from  freshly  drawn  human  blood  antico¬ 
agulated  with  acid/citrate/dextrose  as  described  (6).  Cells  were  lysed  in  10-15 
vol  of  ice-cold  7.5  mM  sodium  phosphate,  1  mM  EDTA,  2  mM  dithiothreitol 
(DTT).‘  20  Mg/ml  of  phenylmethylsulfonyl  fluoride,  pH  7,5.  and  the  mem¬ 
branes  were  pelleted  by  centrifugation  as  described  (6):  this  supernatant  is 
referred  to  as  the  hemolysate.  Membranes  were  prepared  by  three  more  washes 


ferred  for  6  h  at  500-700  mA  current  at  15V.  Nitrocellulose  gel  transfers  were 
labeled  overnight  ( 12-18  h)  at  4V  with  2-4  ng/m\  of  affinity-purified  antibodies 
to  human  platelet  myosin,  and  processed  for  antibody  detection  with  *25I- 
Protein  A  (2  x  I06  cpm/ml)  as  described  (14). 

We  quantitated  the  amount  of  the  \fr  200.000  immunoreactive  myosin 
polypeptide  in  a  sample  by  staining  the  protein  on  the  nitrocellulose  transfers 
with  0.2%  ponceau  S  in  3%  trichloroacetic  acid  (10  min  at  room  temperature 
followed  by  two  washes  in  drilled  water),  cutting  out  the  appropriate  region 
of  the  nitrocellulose,  and  counting  the  l25I-Protein  A-labcled  band  in  the  gamma 
counter.  The  actual  micrograms  of  the  immunoreactive  myosin  polypeptide 
were  computed  from  a  standard  curve  prepared  from  immunoblols  of  known 
amounts  of  purified  erythrocyte  myosin  that  were  elect rophoresed  on  SDS  gels 
and  transferred  to  nitrocellulose  in  parallel  with  the  unknowns,  T^e  standard 
curve  was  linear  from  -0.02  to  at  least  0.25  of  protein,  and  duplicate  samples 
were  reproducible  ±  5%.  The  concentration  of  the  purified  ery  throcyte  myosin 
for  the  standard  curve  was  based  on  the  A280.  assuming  /;'2Jo  =  5.9  (28).  and 
corrected  for  the  purity  of  the  preparation  (-85%;  see  Results)  by  multiplying 
by  a  factor  of  1 .2. 

Immunofluorescence  of  Erythrocytes:  Erythrocytes  (isolated  as 
described  above)  were  fixed  in  suspension  (10%  (vol/vol))  in  3%  (wt/vol) 
paraformaldehyde  in  PBS  (150  mM  NaCI.  10  mM  sodium  phosphate.  pH  7.5) 
for  15  min  at  room  temperature,  and  then  allowed  to  settle  onto  poly-i  Ivsine- 
coated  coverslips  (No.  2)  for  an  additional  5  min  at  room  temperature. 
Coverslips  were  washed  three  times  in  PBS.  incubated  30  min  at  room  temper¬ 
ature  in  50  mM  NH4C1  in  PBS.  and  then  washed  three  times  in  PBS.  Cells  on 
coverslips  were  permeabilized  by  a  30-s  incubation  in  acetone  at  -20V. 
transferred  immediately  to  PBS  containing  0.2%  gelatin  (PBS/gelatin),  and 
then  washed  two  times  in  PBS/gelatin.  Coverslips  were  placed  over  50-^1  drops 
of  affinity-purified  antibodies  or  preimmune  Ig  ( 10  */g/ml  in  PBS/gelatin)  and 
incubated  for  30  min  at  room  temperature  in  a  humid  chamber.  After  four 
washes  in  PBS/gelatin  they  were  incubated  for  20  min  at  room  temperature 
with  tetramethyl  rhodamine  isothiocyanate  goat  anti-rabbit  lgG  (Miles  Labo¬ 
ratories.  Elkhart.  IN)  (1/400  dilution  in  PBS/gelatin).  Following  two  washes  in 
PBS/gelatin  and  two  washes  in  PBS.  coverslips  were  mounted  on  slides  in  50% 
glycerol.  50%  PBS  and  examined  in  a  Zeiss  microscope  equipped  with  epiflu- 
orescence  optics.  Micrographs  were  taken  with  Kodak  Tri-X  pan  film.  ASA 
800. 

Anti  myosin  staining  of  erythrocytes  was  only  obtained  with  the  formalde¬ 
hyde  fixation,  acetone  postfixation/permeabilization  protocol  described  above. 
Formaldehyde  Fixation  followed  by  permeabilization  with  0.1%  Triton  X-100 
resulted  in  extraction  of  the  phase-dense  cytoplasmic  contents  of  the  cells  and 
completely  eliminated  the  anlimyosin  staining.  Also,  no  specific  staining  was 
visible  with  acetone  treatment  alone  in  the  absence  of  formaldehyde  fixation. 
The  antispectrin  staining  was  identical  regardless  of  the  fixation/permeabiliza- 
tion  protocol. 

Electron  Microscopy:  For  rotary  shadowing,  purified  erythrocyte 
myosin  in  0.5  M  KCI  was  dialyzed  at  a  concentration  of  30  ng/n\\  against  100 
mM  ammonium  formate.  30%  (vol/vol)  glvcerol,  pH  7.0.  sprayed  onto  freshly 
cleaved  mica,  dried  under  vacuum  at  room  temperature,  and  rotary  shadowed 
at  an  angle  of  1-10°  with  platinum  followed  by  carbon  (36).  For  negative 
staining,  purified  myosin  in  0.5  M  KCI  was  dialyzed  at  a  concentration  of  200 
^g/ml  against  50  mM  KCI.  2  mM  MgCl2.  10  mM  PIPES,  pH  7.0.  4V.  to  form 
filaments.  After  dilution  and  application  to  Formvar-  and  carbon-coated  grids, 
the  myosin  was  negatively  stained  with  1%  uranyl  acetate.  Rotary  shadowed 
and  negatively  stained  samples  were  photographed  using  a  Zeiss  microscope 
operating  at  80  kV. 

RESULTS 
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in  the  lysis  buffer  (6).  Ankyrin  and  spectrin  were  purified  from  membranes  as 
described  (6).  and  the  \fr  200.000  immunoreactive  myosin  polypeptide  from 
the  hemolysate  as  described  in  the  text  and  the  legend  to  Fig.  3,  Protein 
concentrations  for  the  purified  proteins  were  determined  spcctrophoto metri¬ 
cally  from  the  absorbance  at  280  nm  (after  correction  for  light  scattering  at  320 
nm)  based  on  an  /:'2Jo  value  of  10  for  spectrin  and  ankyrin.  and  5.9  for  myosin 
(28). 

Electrophoresis  and  Immunoblotting  Procedures:  Elec¬ 
trophoresis  was  performed  on  ?- l.v.<.  acrylamide  linear  gradient  SDS  gels  in 
the  presence  of  4  M  urea,  with  a  5cf  stacking  gel  containing  2  M  urea,  and 
with  sample  preparation  and  molecular  weight  standards  as  described  previously 
(14).  Electrophoretic  transferor  polypeptides  from  the  SDS  gels  to  nitrocellulose 
paper  was  performed  as  described  previously  1 14)  except  that  gels  were  trans- 

1  Abbreviation  used  in  this  paper:  DTI  .  dithiothreitol. 
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Previous  attempts  to  identify  myosin  in  human  erythro¬ 
cytes  have  been  frustrated  by  the  similarity  in  molecular 
weight  of  the  myosin  heavy  chain  (M,  200,000)  to  the  major 
membrane-associated  cytoskeletal  proteins  spectrin  (M,  of 
band  2  —220.000)  and  ankyrin  (M,  -210.000).  and  by  high 
levels  of  ATP  hydrolysis  resulting  from  membrane-associated 
ion  pumps  and  coupled  kinase-phosphatase  activities  in 
whole-cell  lysates,  membranes,  and  membrane  extracts.  To 
circumvent  these  problems,  we  prepared  antibodies  to  platelet 
myosin  to  use  as  a  specific  probe  in  assaying  for  the  presence 
of  myosin  in  erythrocytes.  Fig.  I  shows  that  affinity-purified 
antibodies  to  the  M,  200.000  heavy  chain  of  human  platelet 
myosin  cross-reacted  with  an  M r  200.000  polypeptide  in 
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Figure  1  Identification  of  an  M,  200,000  immunoreactive  myosin  polypeptide  in  human  erythrocytes.  (Lane  / )  Erythrocytes; 
(lane  2)  cytosol;  (lane  3)  membranes;  (lane  4)  erythrocyte  ankyrin  (1.5  /ig);  (lane  5)  erythrocyte  spectrin  (2  /ig);  (lane  6)  platelet 
myosin.  (Panel  A,  1.6  Mg;  panel  8,  0.08  Mg).  Erythrocytes  were  lysed  in  15  vol  of  lysis  buffer  and  membranes  were  prepared  as 
described  in  Materials  and  Methods.  Aliquots  of  the  lysed  erythrocytes,  the  hemolysate  (cytosol),  and  the  washed  membranes 
resuspended  to  the  initial  lysis  volume  were  added  directly  to  SDS  gel  electrophoresis  sample  buffer  (14)  and  heated  to  BO'C  for 
5  min.  80-mI  samples  of  each  were  electrophoresed  on  5-15%  acrylamide  linear  gradient  SDS  gels  in  the  presence  of  4  M  urea, 
and  either  (A)  stained  with  Coomassie  Blue  or  (8)  electrophoretically  transferred  to  nitrocellulose  paper  as  described  in  Materials 
and  Methods.  The  nitrocellulose  strips  were  incubated  with  2  Mg/ml  of  affinity-purified  antibodies  to  human  platelet  myosin,  or 
preimmune  Ig,  followed  by  incubation  with  '“l-labeled  protein  A.  Immunoreactive  bands  were  detected  by  autoradiography 
after  exposure  of  the  film  for  1  h. 


human  erythrocytes.  Preimmune  Ig  did  not  label  either  the 
purified  platelet  myosin  (Fig.  1,  lane  6)  or  the  cross-reactive 
polypeptide  in  the  erythrocytes  (Fig.  I,  lanes  IS).  The  im¬ 
munoreactive  polypeptide  was  not  band  2  of  spectrin  or 
ankyrin  (M,  equivalent  to  band  2  of  spectrin  on  these  gels), 
since  neither  purified  ankyrin  (Fig.  I,  lane  4)  nor  purified 
spectrin  (Fig.  1.  lane  5)  were  labeled  by  the  antimyosin 
antibodies.  These  results  suggest  that  the  immunoreactive  M, 
200,000  polypeptide  could  be  the  M,  200.000  heavy  chain  of 
an  erythrocyte  myosin-homologue. 

To  determine  whether  this  immunoreactive  myosin  poly¬ 
peptide  was  localized  on  the  membrane  or  in  the  cytosol,  we 
lysed  erythrocytes  and  compared  immunoblots  of  whole  cells, 
hemolysates.  and  membranes  (Fig.  1,  lanes  IS).  A  true 
cytoplasmic  component  would  be  expected  to  be  present  in 
the  hemolysate  in  the  same  proportion  as  in  the  whole  cells, 
whereas  a  tightly  bound  membrane  component  would  be 
expected  to  be  associated  exclusively  with  the  washed  mem¬ 
branes.  Fig.  1  shows  that  only  -30-40%  of  the  immunoreac¬ 
tive  myosin  polypeptide  was  released  into  the  supernatant 
during  hemolysis  of  erythrocytes  in  7.5  mM  sodium  phos¬ 
phate,  pH  7.5  (Fig.  I,  lane  2),  while  an  additional  30-40% 
was  washed  off  the  membranes  during  the  preparation  of 


ghosts  (Fig.  1,  lane  2). 2  This  intermediate  fractionation  be¬ 
havior  might  be  expected  from  a  component  that  is  loosely 
bound  to  the  membrane  as  well  as  being  present  in  the  cytosol. 
However,  a  variable  proportion  of  the  putative  myosin  hom- 
ologue  may  also  be  tightly  associated  with  the  membranes 
since  -20-30%  of  the  immunoreactive  myosin  polypeptide 
remained  associated  with  the  membranes  even  in  well- 
washed,  white  ghosts  (Fig.  I.  lane  3).  and  inclusion  of  phys¬ 
iological  concentrations  of  magnesium  (2  mM)  in  the  lysis 
and  washing  buffers  resulted  in  about  a  twofold  increase  in 
this  amount  (data  not  shown). 

Immunofluorescence  staining  of  formaldehyde-fixed  eryth¬ 
rocytes  with  the  affinity-purified  antibodies  to  myosin  dem¬ 
onstrated  that  the  immunoreactive  myosin  polypeptide  was 
present  in  all  cells  (Fig.  2a).  The  putative  erythrocyte  myosin- 
homologue  was  thus  not  derived  from  reticulocytes  or  from 
contaminating  platelets  or  neutrophils  in  the  cell  preparations. 
No  staining  with  preimmune  lg  was  observed  under  these 
conditions  (Fig.  2r).  The  antimyosin  staining  was  only  ob¬ 
served  when  the  fixed  cells  were  permeabilized  with  acetone 

;  Estimated  by  quantitative  immunoblotting  procedures  as  described 
in  Materials  and  Methods. 
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Figure  2  Immunofluorescence  staining  of  human  erythrocytes  with  antiplatelet  myosin  (a),  preimmune  Ig  (c),  and  antispectrin 
(e).  b,  d,  and  f  are  phase-contrast  micrographs  corresponding  to  a,  c,  and  e.  Erythrocytes  were  fixed  with  3%  paraformaldehyde 
followed  by  acetone  at  -20°C  and  incubated  with  the  various  rabbit  Ig  samples  at  10  Mg/ml,  followed  by  rhodamine-conjugated 
goat  anti-rabbit  IgG,  as  described  in  Materials  and  Methods.  The  antispectrin  staining  in  e  is  actually  50-  100-fold  brighter  than 
the  antimyosin  staining  in  a  (estimated  by  the  exposure  times  used  to  photograph  the  cells  and  to  print  the  negatives),  but  the 
micrographs  are  printed  so  as  to  be  on  the  same  scale  for  comparison,  (a-f)  Bar,  10  jim.  x  9,000.  Onset)  x  18,000. 


before  incubation  with  the  antibody,  indicating  that  the  im- 
munoreactive  myosin  polypeptide  was  in  the  interior  of  the 
cell  and  not  adsorbed  adventitiously  to  the  cell  surface.  The 
antimyosin  staining  was  variable  in  intensity  and  was  distrib¬ 
uted  in  a  granular  or  punctate  pattern  in  each  cell  (Fig.  2a, 
see  inset).  The  small  size  of  the  cells  and  the  relatively  dim 
staining  made  it  difficult  to  determine  whether  the  punctate 
antimyosin  staining  was  localized  in  the  cytosol  and/or  asso¬ 
ciated  with  the  membrane  in  the  fixed  cells.  The  punctate 
staining  pattern  was  probably  not  artifactually  induced  by  the 
fixation/permeabilization  protocol  because  staining  with  af¬ 
finity-purified  antibodies  to  spectrin  produced  a  uniform  rim- 
staining  pattern  (Fig.  2  c),  which  is  consistent  with  the  estab¬ 
lished  location  of  spectrin  on  the  cytoplasmic  surface  of  the 
membrane  (5.  23,  39). 

Purification  and  Partial  Characterization  of 
Erythrocyte  Myosin 

To  evaluate  the  possibility  that  the  immunoreactive  myosin 
polypeptide  is  the  M,  200.000  heavy  chain  of  an  erythrocyte 
myosin-homologue,  we  purified  the  polypeptide  from  the 
hemolysate  and  compared  its  physical  and  functional  prop¬ 
erties  with  those  established  for  authentic  vertebrate  myosins 
(19.  21,  29).  The  immunoreactive  myosin  polypeptide  was 
separated  from  the  enormous  amount  of  hemoglobin,  as  well 
as  numerous  other  cytosolic  proteins  in  the  hemolysate,  by 
DEAE-cellulose  chromatography  in  the  presence  of  20  mM 
sodium  pyrophosphate.  pH  7.5  (Fig.  3.4.  compare  lanes  /  and 
2).  This  procedure  also  served  to  concentrate  the  M,  200.000 
immunoreactive  myosin  polypeptide  by  about  25-fold  with 
respect  to  its  original  concentration  in  the  hemolysate  (<1 

50  T he  Iournai  ni  On  Bioiof.v  Voiiimi  100,  IB85 


Mg/ml).2  The  M,  200,000  polypeptide  was  then  concentrated 
an  additional  1 0-fold  by  precipitation  with  ammonium  sulfate 
at  60%  saturation  (Fig.  3.1,  lane  3)  and  separated  from  most 
of  the  low  molecular  weight  polypeptides  by  gel  filtration  in 
0.5  M  KC1  on  Sephacryl  S-400  (Fig.  3.4,  lane  4).  When  more 
protein  was  loaded  on  the  gels,  two  low  molecular  weight 
polypeptides  ( M,  25,000  and  19,500)  were  seen  to  be  associ¬ 
ated  with  the  purified  M,  200.000  polypeptide  (Fig.  3  B,  lane 
/).  These  polypeptides  were  present  in  a  molar  ratio  of  1.09 
M,  25.000:0.90  M,  19,500:1.0  M,  200.000  polypeptide.’  and 
thus  presumably  represent  the  two  light  chains  that  would  be 
expected  to  be  associated  with  the  M,  200.000  heavy  chain  of 
an  erythrocyte  myosin  molecule.  Together,  these  three  poly¬ 
peptides  accounted  for  ~85%  of  the  Coomassie  Blue-staining 
material  in  the  purified  preparation.  In  the  representative 
experiment  shown  in  Fig.  3,  -0.7  mg  of  protein  was  obtained 
from  two  units  of  blood,  which  represents  a  recovery  of- 1 8% 
of  the  protein  present  as  the  M,  200.000  immunoreactive 
myosin  polypeptide  in  the  hemolysate.2 

Structurally,  the  purified  erythrocyte  myosin  is  a  typical 
vertebrate  myosin,  with  two  heads  and  a  long  rod-like  tail 
-150  nm  long  (21.  29.  36).  as  visualized  by  low  angle  rotary 
shadowing  of  individual  molecules  (Fig.  4.  left  column).  The 
double-headed  appearance  of  the  individual  molecules,  to¬ 
gether  with  the  roughly  equimolar  stoichiometry  of  the  M, 
200,000.  25.000,  and  19.500  polypeptides  (1:1 .09:0.90,  see 
above),  suggests  that  the  native  molecules  are  dimers  of  two 
heavy  chains,  each  with  two  associated  light  chains,  as  are 
other  myosins.  In  addition,  peptide  maps  of  the  M,  200.000 

'  Determined  by  quantitative  elution  of  dye  from  the  Coomassie 
Blue-stained  protein  bands  as  described  by  Fenner  et  al  (12). 
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Figure  3  (A)  Purification  of  human  erythrocyte  myosin.  Erythrocytes  were  isolated  from  two  units  of  whole  blood  as  described 
by  Bennett  (6)  and  lysed  in  12  vol  of  ice-cold  7.5  mM  sodium  phosphate,  1  mM  EDTA,  2  mM  DTT,  20  yg/ml  phenylmethylsulfonyl 
fluoride  (pH  7.5),  and  the  membranes  were  removed  by  centrifugation  for  45  min  at  17,000  g  |2°C).  The  hentolysale  (3,300  mil 
was  adsorbed  batchwise  to  DEAE-cellulose  equilibrated  with  20  mM  sodium  pyrophosphate,  1  mM  EDTA,  2  mM  DTT  (pH  7.5) 
for  1  h  at  4°C  with  stirring,  and  unadsorbed  protein  (mainly  hemoglobin)  was  removed  by  several  cycles  of  settling  and  decanting 
of  the  DEAE  in  this  buffer.  The  DEAE  was  poured  into  a  column  (2.5  x  18  cm),  washed  with  5  column  volumes  of  50  mM  NaCI, 
20  mM  sodium  pyrophosphate,  1  mM  EDTA,  2  mM  DTT  (pH  7.5),  and  then  eluted  with  7  column  volumes  of  a  50-250  mM  NaCI 
linear  gradient  in  the  same  buffer,  collecting  tO-rnl  fractions.  Fractions  containing  the  immunoreactive  myosin  polypeptide 
(assayed  by  immunoblotting  procedures)  were  pooled  (150  ml),  and  the  protein  was  precipitated  by  addition  of  1.5  vol  of  ice- 
cold,  saturated  ammonium  sulfate  and  then  collected  by  centrifugation  for  20  min  at  17,000  g.  The  precipitate  was  resuspended 
to  a  13-ml  final  vol  in  0.5  M  KCI,  10  mM  Tris,  1  mM  EDTA,  1  mM  DTT  (pH  7.5),  and  centrifuged  for  30  min  at  100.000  g.  The 
supernatant  was  applied  to  a  Sephacryl  S-400  column  (2.5  x  85  cm)  equilibrated  with  the  same  buffer  and  run  at  20  ml/h, 
collecting  5-ml  fractions.  Fractions  containing  the  M,  200,000  polypeptide  eluted  at  —  1.5  t70  and  were  pooled  (40  ml)  and 
concentrated  5- 10-fold  to  0. 1-0.2  mg/ml  by  dialysis  against  solid  sucrose.  The  purified  protein  was  stored  on  ice  after  dialysis 
against  0.5  M  KCI,  10  mM  3-(N-morpholino)  propane  sulfonic  acid,  1  mM  EDTA,  1  mM  DTT  (pH  7.0)  and  was  stable  for  at  least 
3  wk.  Samples  of  hemolysate  (80  yl)  [lane  I  ],  the  DEAE  pool  (40  yl)  [lane  2],  the  ammonium  sulfate-concentrated  material  (20  yl) 
[lane  3],  and  the  purified  M,  200,000  polypeptide  (2  yg)  [lane  4  ]  were  electrophoresed  on  5-15%  acrylamide  linear  gradient  SDS 
gels  containing  4  M  urea  and  either  stained  with  Coomassie  Blue  Kelt)  or  transferred  to  nitrocellulose  and  labeled  with  4  yg/ml 
platelet  myosin  and  '“l-labeled  protein  A  (right)  as  described  in  Materials  and  Methods.  One  tenth  as  much  protein  was  loaded 
for  the  immunoblots,  and  the  immunoreactive  bands  were  detected  after  exposure  of  the  autoradiograms  for  only  30  min.  Lane 
5  is  2  yg  of  purified  human  platelet  myosin  for  comparison.  (6)  Comparison  of  6  yg  each  of  purified  human  erythrocyte  myosin 
(lane  1)  and  human  platelet  myosin  (lane  2)  on  7.5-15%  acrylamide  linear  gradient  SDS  gels  in  the  absence  of  urea  (14).  IIC, 
heavy  chains;  (LC),  light  chains. 


heavy  chain  of  the  purified  erythrocyte  myosin  and  of  platelet 
myosin  were  found  to  be  nearly  identical  (Fig.  5).  indicating 
a  high  degree  of  structural  homology  between  the  two  pro¬ 
teins.  However,  these  proteins  are  distinct  in  that  the  molec¬ 
ular  weights  determined  for  the  platelet  myosin  light  chains 
on  7.5-15%  acrylamide  linear  gradient  SDS  gels  ( M r  20,000 
and  1 7,000;  Fig.  3  5.  lane  2)  were  different  from  those  deter¬ 
mined  for  the  erythrocyte  myosin  light  chains  (M,  25,000  and 
19,500;  Fig.  35.  lane  /). 

Dialysis  of  the  purified  erythrocyte  myosin  into  low  salt  led 


to  formation  of  typical  bipolar  myosin  filaments  (0. 3-0.4  ym 
long)  with  the  heads  at  each  end  and  a  central  bare  zone  in 
the  middle  (Fig.  4.  middle  and  right  column).  Occasionally, 
possible  intermediate  stages  in  the  formation  of  these  fila¬ 
ments  were  observed  in  the  rotary-shadowed  specimens.  For 
example,  two  molecules  are  associated  via  their  tails  in  the 
bottom  left  panel  of  Fig.  4,  and  the  head  end  of  an  individual 
myosin  molecule  is  splayed  out  from  the  bipolar  filament 
while  the  tail  region  remains  attached  in  the  filaments  de¬ 
picted  in  the  bottom  two  panels  of  the  middle  column  in  Fig. 
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4.  The  looser  association  of  the  molecules  in  the  rotary- 
shadowed  specimens  as  compared  with  the  negatively  stained 
specimens  may  be  due  to  the  somewhat  different  dialysis 
conditions  used  for  the  sample  preparations  (0. 1  M  ammo¬ 
nium  formate,  pH  7.5,  versus  50  mM  KCI,  2  mM  MgCI;.  pH 
7.0).  or  it  may  be  an  artifact  of  the  respective  electron  micro¬ 
scopic  techniques. 

The  purified  erythrocyte  myosin  exhibited  a  characteristic 
pattern  of  myosin  ATPase  activities,  with  a  Ca++-aetivated. 
Mg++-inhibited  ATPase  activity  at  both  high  and  low  salt, 
and  activation  by  high  concentrations  of  KCI  but  not  NaCl 
in  the  absence  of  divalent  cations  (2  mM  EDTA)  (Table  I). 
The  Ca*’-ATP";c  activity  in  0.5  M  KCI  of  the  erythrocyte 
myosin  was  higher  than  the  EDTA-ATPase  activity  measured 
in  0.5  M  KCI  (0.48  and  0.38  gmol/min  per  mg,  respectively). 
This  is  the  reverse  of  the  relative  Ca++  and  EDTA-ATPase 
activities  of  platelet  myosin  measured  under  similar  condi- 


Eic.cjki  4  Electron  micrographs  of  low  angle,  rotarv-shadowed 
individual  human  erthvroeyte  myosin  molecules  [hit)  and  mvosin 
filaments  [middle),  and  of  negatively  stained  myosin  filaments 
I  right).  Bar,  200  nm.  x  100,000. 


tions  (0.35  and  0.50  gmol/min  per  mg.  respectively,  see 
reference  28).  The  addition  of  rabbit  skeletal  muscle  F-actin 
( I  mg/ml)  to  purified  erythrocyte  myosin  had  no  effect  on 
the  low  Mg*  '-ATPase  activity  of  erythrocyte  myosin  that  was 
measured  in  60  mM  KCI.  2  mM  MgCI:,  pH  7.0  (<0.01  gmol/ 
min  per  mg). 

Determination  of  the  Number  of  Copies  of 
Myosin  per  Cell 

The  purified  erythrocyte  myosin  was  used  as  a  standard  in 
a  quantitative  immunoblotting  assay  to  determine  the  amount 
of  myosin  in  erythrocytes  (Materials  and  Methods).  As  shown 
in  Table  II.  the  amount  of  the  At,  200.000  heavy  chain  of 
erythrocyte  myosin  detected  was  directly  proportional  to  the 
microliters  of  cell  equivalents  electrophoresed  and  transferred 
to  nitrocellulose,  which  demonstrates  that  the  assay  is  oper¬ 
ating  in  both  antimvosin  antibody  and  i:'l-protein  A  excess. 
Additionally,  this  also  shows  that  the  co-migrating  spectrin 
(band  2)  and  ankyrin  polypeptides  are  not  interfering  with 
the  transfer  or  antibody  labeling  of  the  erythrocyte  myosin 
heavy  chain.  The  molar  ratio  of  the  At,  200,000  polypeptide 
to  spectrin  was  calculated  with  respect  to  the  micrograms  of 
band  1  of  spectrin  in  each  sample  because  there  are  no 
polypeptides  co-migrating  with  band  1  of  spectrin  on  these 
SDS  gels  of  erythrocytes.  The  average  value  for  the  ratio  of 
spectrin  to  myosin  calculated  from  the  values  in  Table  I  was 
32.1  spectrin  dimers/mvosin  molecule  (dimer  of  two  heavy 
chains).  Since  there  are  200.000  molecules  of  spectrin  dimer 
per  cell  (5).  the  number  of  molecules  of  myosin  per  cell  would 
be  6.240.  This  is  a  ratio  of  about  80  actin  monomers  for  every 
myosin  molecule,  assuming  there  are  500.000  copies  of  actin 
per  cell  (5.  26). 

DISCUSSION 

The  possibility  that  erythrocytes  contain  myosin  has  been 
discussed  since  I960  when  Nakao  et  al.  (22)  first  observed  the 
reversible  ATP-dependent  discocyte-echinocvte  shape  trans¬ 
formations  of  human  erythrocytes.  The  ability  of  isolated 
membranes  (ghosts)  to  undergo  similar  ATP-dependent  shape 
transfoi .nations  (24.  34.  37).  as  well  as  ATP-dependent  en- 
docytosis  (25.  3 1 ).  led  numerous  investigators  to  hypothesize 


Fic.iiri  7  Two  dimension. il  peptide  maps  ol  '"'I  labeled  c  hvmotrvptn  peptides  ot  human  erythrocyte  myosin  heavy  chain  la), 
human  platelet  mvosin  heavy  t  ham  I />).  and  a  mixture  ol  peptides  Irom  platelet  and  erythroc  yte  myosin  heavy  t  hams  (<  ).  Mvosin 
from  platelets  and  ervthrocvtes  (70  pmol  each!  was  denatured  in  0.1%  (wt/vol)  SDS.  radiolabeled  with  1  mC  t  ot  ,J'I  by  using 
c  hloramtne  I  as  an  oxidant,  and  elec  trophoresed  on  an  SI  )S  polyac  rvlamide  gel.  The  '*'1  labeled  heavy  c  bains  were  loc  alized  by 
staining  with  (  oomassie  Blue,  c  ul  from  the  gel,  and  digested  with  70  ccg/ccl  alpha  c  hvmotrvpsm  in  70  mM  ammonium  tormate.  1 
mM  MalSi ,  tor  IB  h  at  !7”(  the  digest  was  Ivophili/ed  and  analv/ed  by  elec  trophoresis  (horizontal  dimension) and  c  hromalographv 
Ivertic  al  dimension!  as  desc  ribed  111). 
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that  cell  shape  and  membrane  properties  were  influenced  by 
a  membrane-associated  actomyosin  contractile  apparatus.  At 
one  point,  it  was  suggested  that  spectrin  might  be  a  myosin¬ 
like  protein  (15)  and  that  the  act  in -spectrin  network  under¬ 
lying  the  membrane  could  be  the  erythrocyte  membrane 
analogue  to  actomyosin  contractile  systems  in  other  cells  (33, 
34).  However,  the  extensive  work  on  the  physical  and  func¬ 
tional  properties  of  spectrin  (18)  and  the  recent  identification 
of  spectrin-like  proteins  in  nonerythrocyte  cells  and  tissues 
(4.  5)  have  made  it  abundantly  clear  that  spectrin  is  not 
myosin.  In  this  report  we  have  established  the  presence  in  the 
human  erythrocyte  of  an  authentic  vertebrate  myosin,  based 
on  cross-reaction  with  affinity-purified  antibodies  to  human 
platelet  myosin  and  characterization  of  the  structural  and 
functional  properties  of  the  purified  protein.  Myosin  is  an 
endogenous  component  of  mature  human  erythrocytes,  based 
on  immunofluorescence  localization  of  myosin  in  all  cells, 
and  is  present  with  respect  to  the  actin  on  the  erythrocyte 
membrane  in  an  amount  comparable  to  actin/myosin  ratios 
in  other  nonmuscle  cells  (molar  ratio  =  80/1:  see  reference 
29).  Our  work  confirms  and  extends  a  preliminary  report  by 
Kirkpatrick  and  Sweeney  (17)  that  erythrocyte  cytosol  con¬ 
tained  myosin,  and  also  presumably  accounts  for  previous 
observations  of  myosin-like  ATPase  activities  in  crude  prep¬ 
arations  of  spectrin  from  erythrocyte  membranes  (3.  30). 

In  retrospect,  there  are  several  reasons  why  the  presence  of 
myosin  in  the  erythrocyte  has  been  previously  overlooked. 
First,  the  intensity  of  antimyosin  staining  of  erythrocytes  is 
considerably  less  intense  than  that  of  platelets  or  neutrophils 
in  samples  of  whole  blood  processed  for  indirect  immunoflu¬ 
orescence  (V.  Fowler,  unpublished  data).  Second,  the  presence 
of  interfering  ATPase  activities,  and  the  similarity  in  molec¬ 
ular  weight  on  SDS  gels  of  the  myosin  heavy  chain  to  the 
major  cytoskeletal  proteins,  spectrin  and  ankyrin.  makes  it 
impossible  to  employ  the  usual  criteria  for  initial  identifica¬ 
tion  of  myosin.  Finally,  attention  has  focused  on  structural 
proteins  that  are  tightly  associated  with  the  membrane,  while 
the  majority  of  the  erythrocyte  myosin  is  released  into  the 
supernatant  during  hemolysis  and  preparation  of  membranes 
under  hvpotonic  conditions  (7.5  mM  sodium  phosphate.  pH 
7.5). 

In  common  with  myosins  isolated  from  various  nonmuscle 
cells,  the  Mg+*-ATPase  activity  of  erythrocyte  myosin  is  not 
enhanced  by  the  addition  of  rabbit  skeletal  muscle  F-actin 
(19.  29).  Actin  activation  of  the  Mg+*-ATPase  activity  of 
platelet  and  other  cytoplasmic  myosins,  as  well  as  smooth 
muscle  myosin,  occurs  only  after  the  M,  20.000  light  chain  of 
the  myosin  has  been  phosphorylated  by  a  calcium-  and  cal¬ 
modulin-dependent  protein  kinase  (1).  Thus,  it  is  possible 
that  the  \f,  19,500  light  chain  of  erythrocyte  myosin  could  be 


Tabu  I 

ATPase  Activity  of  Erythrocyte  Myosin 


2  mM  EDTA 

10  mM 
C.iClj 

10  mM 
MgCI. 

0.5  M  KC.T 

0.376 

0.478 

<0.01 

0.06  M  KCl 

0 

0.406 

<0.01 

0. 1  M  N.iCI 

0.1  18 

0.204 

0 

ATI’.im*  activities  fpmol/min  per  mg)  w ere  determined  bv  using  25  jig/ml  ol 
purified  ervthror  vie  mvosin  in  a  butter  containing  10  mM  MN-morpho- 
lintOpropane  Miltonic  a<  id,  1  mM  ATP.  pH  7.0,  ions  as  spec  ified  above,  and 
0.5  ai<  r/f nl  [>  ^PJATP  The  radioac  tivitv  released  as  P,  was  determined  alter 
incubation  tor  15  and  TO  min  as  described  bv  Agre  et  al.  f2).  and  was 
<  orrec  ted  for  nonen/vinatic  P,  release  in  the  absenc  e  of  mvosin. 


Tabu  II 

Qi/tinf/bU/on  of  the  Amount  ot  Myosin  in  the  Erythror  yte 
Oil  equivalents  (/ill* 


1.0 

1.5 

2.0 

Spectrin  band  1  Igg)* 

0.66 

0.99 

1.32 

Ervlhroc  yte  mvosin 

0.0  TO 

0.048 

0.066 

(ggl*  heavy  c  hain 
Spectrin  dimer/myosin 

33.8 

31.7 

30.8 

(mol/mol)1 

Molet  ules  myosin  per  5,917  6,309  6,494 


*  (  ale  ulated  from  the  mic  roliters  of  sample  elec trophoresed  lor  each  deter¬ 
mination  and  the  volume  of  packed  cells  used  to  prepare  the  initial  gel 
sample*. 

*  Determined  by  the  dve  elution  method  of  Fenner  et  al.  (1 2)  from  a  standard 
t  urve  construe  ted  by  elec  trophoresing  known  quantities  ot  purified  spectrin 
in  parallel  with  the*  gel  samples  ot  the  erv throe  ytes. 

1  Determined  by  a  quantitative  immunoblotting  procedure  as  described  in 
Materials  and  Methods. 

1  v  ale  ulated  assuming  M,  260.000  for  band  1  ol  spectrin  and  \fr  200.000  lor 
the  heavy  chain  ol  erythrocyte  myosin,  and  that  each  spectrin  molecule 
(dimer)  contains  one*  band  1  polypeptide  whereas  each  mvosin  molecule 
c  ontains  two  «\fr  200,000  heavy  c  hains. 

’  Calc  ulated  assuming  200,000  spectrin  dimers  per  cell  (51. 

homologous  to  the  A/r  20.000  regulatory  light  chains  of  other 
cytoplasmic  myosins,  and  as  isolated,  be  in  the  dephosphor- 
ylated  state.  Regulation  of  the  level  of  phosphory  lation  of  the 
M,  19,500  light  chain  of  erythrocyte  myosin  by  a  caleium- 
and  calmodulin-dependent  protein  kinase,  coupled  with  a 
myosin  light  chain  phosphatase,  could  provide  a  mechanism 
for  calcium  control  of  erythrocyte  actomyosin  ATPase  activ¬ 
ity,  as  has  been  described  for  platelet  and  smooth  muscle 
actomyosin  systems  ( I ).  However,  the  presence  in  erythrocyte 
myosin  of  a  light  chain  of  apparent  .V/r  25.000  on  SDS  gels, 
similar  to  vertebrate  skeletal  and  cardiac  muscle  myosins  (2 1 . 
38).  and  unlike  other  previous’y  characterized  cytoplasmic  or 
smooth  muscle  myosins  (19.  29).  suggests  that  other  regula¬ 
tory  mechanisms  should  be  considered.  For  example,  it  is 
possible  that  actin  activation  of  the  Mg++-ATPase  activity  of 
erythrocyte  myosin  could  be  specific  for  erythrocyte  mem¬ 
brane  actin.  which  consists  exclusively  of  the  beta-isoelectric 
variant  (reference  27  and  V.  Fowler,  unpublished  data),  as 
suggested  by  Schrier  et  al.  (32).  Calcium  regulation  of  eryth¬ 
rocyte  actomyosin  ATPase  activity  could  then  be  provided  by 
an  actin-linked  erythrocyte  troponin-tropomyosin  system,  as 
discussed  previously  (14).  Clearly,  these  regulatory  mecha¬ 
nisms  are  not  mutually  exclusive,  and  additional  myosin  or 
actin-linked  mechanisms  for  control  of  erythrocyte  acto¬ 
myosin  ATPase  activity  might  also  exist  (19,  29). 

Myosin  in  the  human  erythrocyte  could  function,  together 
with  the  membrane-associated  actin  protofilaments  in  an 
actomyosin  contractile  apparatus  responsible  for  ATP-de- 
pendent  discocyte-echinocyte  changes  in  cell  shape  and  mem¬ 
brane  properties  (25.  31.  34.  37).  Additionally,  the  passage  of 
erythrocytes  through  the  narrow  sinusoids  in  the  spleen  may 
not  be  entirely  a  passive  process  driven  by  hydrostatic  pres¬ 
sure.  but  may  be  facilitated  by  energy-dependent  actomyosin 
contractions  that  are  triggered  by  increases  in  intracellular 
calcium  resulting  from  enhanced  passive  calcium  permeabil¬ 
ity  induced  by  physiological  shear  stresses  (20).  Such  a  hy¬ 
pothesized  actomyosin  contractile  apparatus  is  probably  not 
permanently  assembled  on  the  erythrocyte  membrane,  since 
much  of  the  myosin  is  released  into  the  supernatant  after 
hemolysis  of  fresh.  ATP-replete  biconcave  cells.  The  interac- 


tion  of  myosin  with  the  erythrocyte  membrane  cytoskeleton 
is  likely  to  be  complex  and  regulated  at  several  levels:  the 
ATP-dependent  interaction  of  myosin  heads  with  the  actin 
protofilaments  in  the  membrane  skeleton  (actomyosin 
ATPase);  the  self-association  of  molecules  into  bipolar  fila¬ 
ments;  and  the  association  of  filaments  or  individual  myosin 
molecules  via  their  tails  to  a  nonactin  site  on  the  membrane. 
It  is  tempting  to  speculate  that  the  increases  in  intracellular 
calcium  and  depletion  of  ATP  levels  that  are  correlated  with 
discocyte-echinocyte  shape  transformations  of  erythrocytes 
(22.  24.  37)  could  be  functionally  related  to  assembly  and 
activity  of  an  actomyosin  contractile  apparatus  on  the  eryth¬ 
rocyte  membrane. 

Although  there  is  no  precedent  for  the  organization  and 
functioning  of  a  membrane-associated  contractile  apparatus, 
the  ability  of  erythrocyte  myosin  to  form  bipolar  filaments  at 
the  concentrations  of  myosin  estimated  to  be  present  in  the 
erythrocyte  (~50  ^g/ml)4  raises  the  possibility  that  force  pro¬ 
duction  and  membrane  movements  could  result  from  ATP- 
dependent  sliding  of  bipolar  myosin  filaments  past  antiparallel 
actin  filaments  in  the  membrane  skeleton.  The  punctate 
character  of  the  antimvosin  staining  of  erythrocytes  and  the 
ratio  of  actin  to  myosin  (80  monomers/myosin  molecule;  or 
1.200  monomers/ 1  myosin  filament  of  15  monomers;  refer¬ 
ence  29)  suggest  that  actomyosin  interactions  might  occur  at 
specialized  sites  in  the  membrane  skeleton.  Localized  con¬ 
tractions  could  be  transmitted  through  the  cytoskeleta!  net¬ 
work  via  the  multiple  spectrin-band  4. 1  linkages  between  the 
actin  protofilaments,  and  tension  could  be  exerted  on  the 
membrane  via  the  specific  association  of  spectrin  with  an- 
kvrin.  Alternatively,  individual  myosin  molecules  could  be 
attached  directly  to  a  membrane  site  via  their  tails,  leaving 
their  heads  free  to  interact  with  the  actin  protofilaments.  The 
relationship  of  such  hypothesized  calcium-activated  acto¬ 
myosin  contractions  of  the  membrane  cytoskeletal  network 
to  the  previously  observed  inhibition  of  spectrin-band  4.1- 
actin  gelation  by  micromolar  calcium  ( 1 3)  is  not  immediately 
apparent.  It  is  possible  that  the  intracellular  free  calcium  ion 
concentration  could  regulate  spectrin-band  4.1-actin  interac¬ 
tions  concu  .‘ntly  with  actomyosin  contractions  in  a  mem¬ 
brane-associated  counterpart  of  the  solation-contraction  cou¬ 
pling  mechanism  that  has  been  proposed  to  explain  amoeboid 
movements  (8.  9.  16).  Clearly,  evaluation  of  these  ideas  will 
require  extensive  biochemical  and  ultrastructural  investiga¬ 
tion  of  the  interaction  of  myosin  with  the  membrane  and 
with  the  actin  filaments  in  the  membrane  skeleton.  In  partic¬ 
ular.  the  relationship  of  actomyosin  interactions  to  the  spec- 
trin-band  4.1-actin  linkages  in  the  membrane  cytoskeleton. 
as  well  as  the  locations  and  associations  of  potential  regulatory 
proteins  such  as  tropomyosin  (14)  or  troponins,  will  need  to 
be  defined. 
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Vote  added  in  Proof:  In  a  recent  experiment  by  Albert  J.  Wong. 
Daniel  P.  Kiehart.  and  Thomas  D.  Pollard  U  liiol.  Client.,  in  press), 
phosphorylation  of  the  M,  19,500  light  chain  was  observed  to  be 
correlated  with  the  actin-activatcd  ATPase  activity  of  erythrocyte 
myosin. 
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Plasmodium  falciparum  Malaria:  Band  3  as  a  Possible 
Receptor  During  Invasion  of  Human  Erythrocytes 

Abstract.  Human  erythrocyte  hand  3,  a  major  membrane-spanning  protein ,  was 
purified  and  incorporated  into  liposomes.  These  liposomes,  at  nanomolar  concentra¬ 
tions  of  protein,  inhibited  invasion  of  human  erythrocytes  in  vitro  by  the  malaria 
parasite  Plasmodium  falciparum.  Liposomes  containing  human  band  3  were  ten 
times  more  effective  in  inhibiting  invasion  than  those  with  pig  band  3  and  six  times 
more  effective  than  liposomes  containing  human  erythrocyte  glycophorin.  Lipo¬ 
somes  alone  or  liposomes  containing  erythrocyte  glycolipids  did  not  inhibit  invasion. 
These  results  suggest  that  band  3  participates  in  the  invasion  process  in  a  step 
involving  a  specific,  high-affinity  interaction  between  band  3  and  some  component  of 
the  parasite. 

Malaria  remains  a  major  public  health  deficiency  of  glycophorins  (4).  digestion 
problem  in  many  areas  of  the  world,  with  of  glycophorin  with  trypsin  or  neuramin- 
an  estimated  150  million  cases  resulting  idase  (3).  and  addition  of  isolated  glyco- 
in  2  million  deaths  each  year!/).  Victims  phorin  to  the  assay  medium  (5).  Fried- 

are  inoculated  by  mosquito  bite  with  the  man  et  al.  (6)  suggested  that  glycophor- 

sporozoite  stage  of  the  malarial  parasite,  ins  A  and  B  are  involved  in  a  relatively 

and  the  sporozoites  rapidly  invade  he-  nonselective.  charge-mediated  attach- 

patic  parenchymal  cells  and  differentiate  ment  between  merozoites  and  the  red 

into  merozoites.  The  merozoites  are  re-  cell  membrane,  since  various  polyanions 

leased  into  the  circulation,  where  they  also  inhibit  invasion  and  since  orosomu- 

invade  erythrocytes.  Infected  erythro-  coid.  a  serum  sialoglycoprotein  unrelat- 

cytes  soon  rupture,  releasing  multiple  ed  to  glycophorin.  restores  the  invasion 

merozoites  that  invade  other  erythro-  capacity  of  erythrocytes  depleted  of  gly- 

cytes  leading  to  chronic  parisitemia.  In-  cophorins  (6). 

vasion  of  erythrocytes  is  a  multistep  Band  3,  a  major  cell-surface  protein  in 
process  that  involves  (i)  attachment  of  erythrocyte  membrane,  is  a  logical  can- 

merozoites  to  the  erythrocyte  membrane  didate  to  mediate  specific  red  cell  associ- 

in  a  random  orientation:  (ii)  reorientation  ations  with  malarial  parasites.  In  support 

of  the  attached  merozoites  such  that  the  of  this  idea.  Miller  et  al.  (7)  found  that 

apical  end  of  the  parasite  is  opposed  to  monoclonal  antibody  against  rhesus 

the  erythrocyte  membrane;  (iii)  forma-  monkey  band  3  blocks  invasion  of  rhesus 

tion  of  a  junction  between  the  apical  end  erythrocytes  by  Plasmodium  knowlesi 

of  the  merozoite  and  the  erythrocyte  parasites.  We  report  here  that  human 

membrane:  and  (iv)  invagination  of  the  erythrocyte  band  3  incorporated  into  lip- 

erythrocyte  membrane  around  the  at-  osomes  is  a  potent  inhibitor  of  invasion 

tached  merozoite  to  form  a  vacuole  in-  of  human  erythrocytes  by  P.  falciparum, 

side  the  erythrocyte  (2).  further  supporting  the  hypothesis  that 

Several  lines  of  evidence  indicate  that  band  3  participates  in  a  high-affinity  in- 

the  invasion  process  requires  specific  teraction  with  merozoite  surface  compo- 
interactions  between  the  merozoite  and  nents. 

the  host  erythrocyte  (2).  Erythrocyte  Band  3  was  purified  from  human 
membrane  proteins  glycophorins  A.  B.  erythrocyte  ghosts  by  selective  extrac- 

and  C  have  been  implicated  as  one  of  the  lion  of  peripheral  membrane  proteins, 

attachment  sites  for  Plasmodium  fal<  ip-  followed  by  solubilization  of  membranes 

arum  (3).  the  species  that  causes  the  with  nonionic  detergent  and  fraction- 

most  virulent  form  of  human  malaria,  ation  of  the  detergent  extract  by  ion- 

invasion  of  erythrocytes  by  P.  falcipa-  exchange  chromatography  (Fig.  I).  Band 

rum  in  vitro  has  been  reduced  by  genetic  3  is  not  soluble  in  the  absence  of  deter- 
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gent  and  therefore  cannot  be  added  di¬ 
rectly  to  invasion  assays.  However,  it  is 
possible  to  incorporate  band  3  into  artifi¬ 
cial  phospholipid  bilayer  vesicles  (lipo¬ 
somes),  which  maintain  the  protein  in  a 
native  state  in  the  absence  of  detergent. 


Band  3  and  glycophorin  (isolated  by  the 
same  procedure  as  for  band  3)  were 
incorporated  into  liposomes  by  the  pro¬ 
cedure  of  Yu  and  Branton  (9),  which 
yields  single-walled  liposomes  40  to  80 
nm  in  diameter.  Band  3  reconstituted  by 
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Fig.  1.  Purification  of  human  erythrocyte  12  a  456789  1011121314151617 

band  3  and  incorporation  of  band  3  into  lipo¬ 
somes.  Potassium  iodide-extracted  inside-out 
membrane  vesicles  prepared  from  40  ml  of 
human  erythrocyte  ghosts  (8)  were  solubilized 
at  4°C  in  50  ml  of  0.5  percent  (by  volume) 

Triton  X-100,  10  m M  sodium  phosphate,  I 
mAf  sodium  EDTA,  1  mA/  dithiothreitol.  and 
I  mA/  NaN,  (pH  7.5).  The  100,000g  superna¬ 
tant  of  this  extract  was  applied  to  a  15-ml 
column  of  DEAE -cellulose  equilibrated  in  sol¬ 
ubilization  buffer.  The  column  was  washed 
with  two  bed  volumes  of  buffer  and  eluted 
with  a  linear  gradient  of  NaCI  (0.1  to  0.3A/) 
dissolved  in  solubilization  buffer.  Fractions 
were  monitored  for  protein  and  analyzed  by 
SDS  electrophoresis  (8).  Fractions  containing 
glycophorin  (fractions  4  and  5)  or  band  3 
(fractions  1 1  to  15)  were  pooled  and  the 
proteins  were  incorporated  into  liposomes  by 
removal  of  Triton  X-100  on  Bio  beads  fol¬ 
lowed  by  addition  of  egg  lecithin  and  sodium 
cholate  and  extensive  dialy  is  (9).  The  lipo¬ 
somes  were  resuspended  in  phosphate-buff-  ^  | 

ered  saline.  Samples  were  analyzed  by  SDS-  1 

polyacrylamide  gel  electrophoresis  and  the  gels  were  stained  with  Coomassie  blue  or  PAS  to 
visualize  sialoglycoproteins.  Lane  I.  erythrocyte  ghosts;  lane  2,  potassium  iodide-extracted 
vesicles;  lane  3,  Triton  X-100  extract;  lanes  4  to  16.  fractions  from  DEAE  chromatography;  and 
lane  17,  liposomes  containing  band  3. 
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Fig.  2.  Effect  on  reinvasion  of  erythrocytes  by 
P.  falciparum  malarial  parasites  of  increasing 
concentrations  of  liposomes  containing  hu¬ 
man  erythrocyte  band  3  (•).  human  erythro¬ 
cyte  glycophorin  (O),  pig  erythrocyte  band  3 
(A),  or  no  protein  (x).  The  Camp  strain  of  P. 
falciparum  was  cultured  (10)  in  RPMI  1640 
medium  supplemented  with  10  percent  human 
A*  serum  (heat-inactivated  at  56°C  for  30 
minutes).  Synchronized  cultures  were  ob¬ 
tained  by  treating  asynchronous  cultures  with 
sorbitol  (II).  The  schizonts  were  isolated  free 
of  ring  forms  (immature  parasites)  by  layering 
the  culture  mixture  over  4  ml  of  a  15  percent 
metrizamide  gradient  and  the  gradient  was 
centrifuged  at  300g  and  20°C  for  15  minutes. 

After  centrifugation  the  dark  band  at  the 
metrizamide-medium  interphase  (the  layer  of 
schizonts)  was  aspirated  in  a  laminar  flow 
hood,  washed  once  in  10  volumes  of  RPMI 
1640  complete  medium,  and  diluted  to  a  con¬ 
centration  of  2.5  x  |()7  schizonts  per  millili¬ 
ter.  Reinvasion  by  merozoites  was  assayed  in  10-mm  microtiter  wells.  Washed  human  O' 
erythrocytes  were  suspended  to  a  4  percent  hematocrit  in  RPMI  1640  complete  medium 
containing  10  percent  human  A*  serum.  To  each  well  was  added  25  p.1  of  the  4  percent  cell 
suspension.  25  p.1  of  phosphate-buffered  saline,  various  concentrations  of  liposomes  containing 
human  or  pig  band  3  protein  glycophorin.  or  liposomes  at  equivalent  dilution  but  lacking 
protein.  Schizonts  (50  p.1;  2.5  x  |07  per  milliliter)  were  added  to  each  well,  making  the  final 
erythrocyte  concentration  I  percent  and  the  initial  parasitemia  between  1.0  and  2  percent.  The 
mixtures  were  mixed  thoroughly  and  incubated  for  3  hours  in  air  with  6  percent  0;  and  5  percent 
CO,  During  the  3-hour  incubation  the  contents  of  the  wells  were  resuspended  for  15  seconds 
every  30  minutes.  After  3  hours  of  incubation  most  of  the  medium  in  each  well  was  carefully 
removed  and  smears  were  made  of  the  cells.  The  smears  were  air-dried,  flushed  with  anhydrous 
methanol,  dried  again,  and  stained  with  Giemsa  stain,  and  the  number  of  intracellular  ring 
stages  of  the  parasites  were  counted  per  10.000  erythrocytes.  Data  are  expressed  as  the 
percentage  of  invasion  relative  to  control  wells  with  buffer  added  and  are  means  of  triplicate 
determinations.  The  level  of  control  invasion  in  this  experiment  was  774  ring  stages  per  K).(KX) 
erythrocytes. 


this  method  fo.  ns  intramembrane  parti¬ 
cles  indistinguishable  from  particles  in 
native  membranes  (8). 

Invasion  of  human  erythrocytes  with 
cultures  of  P.  falciparum  (Camp  strain, 
Vietnam)  (9)  synchronized  by  sorbitol 
(10)  was  measured  (Fig.  2).  Human 
erythrocyte  band  3  inhibited  invasion  50 
percent  at  2  p.g  per  milliliter  of  protein, 
which  is  about  1 1  n M  band  3  dimer. 
Invasion  was  inhibited  80  percent  at  the 
highest  concentration  of  band  3  tested. 
Equivalent  inhibition  by  human  band  3 
was  measured  with  12  different  prepara¬ 
tions  of  liposomes  with  band  3  from 
different  donors. 

Several  controls  demonstrated  the 
specificity  of  the  inhibition  by  human 
band  3.  First,  liposomes  without  protein, 
prepared  under  identical  conditions  and 
at  equivalent  dilutions,  gave  little  inhibi¬ 
tion.  Second,  liposomes  prepared  with 
pig  erythrocyte  band  3  were  ten  times 
less  effective,  with  50  percent  inhibition 
at  20  |xg  per  milliliter  of  protein  (110  nAf 
band  3  dimer).  Finally,  liposomes  con¬ 
taining  erythrocyte  glycolipid  did  not  in¬ 
hibit  invasion.  Thus  inhibition  required 
band  3  in  addition  to  lipid,  and  human 
band  3  was  much  more  effective  than  a 
closely  related  band  3  from  a  species 
resistant  to  P.  falciparum  marlaria.  Band 
3  in  red  cells  has  two  domains:  an  exter¬ 
nally  oriented  domain  that  is  relatively 
resistant  to  protease  and  an  internal  re¬ 
gion  facing  the  cytoplasm  that  is  released 
by  limited  proteolysis  (//).  The  external 
domain  of  band  3  in  liposomes  was  re¬ 
sponsible  for  inhibition  of  invasion,  since 
unaltered  inhibition  was  obtained  with 
mildly  proteolysed  band  3  liposomes  that 
had  lost  any  exposed  cytoplasmic  do¬ 
main. 

Liposomes  containing  human  glyco¬ 
phorin  also  blocked  invasion,  but  less 
actively  than  those  containing  human 
band  3  (Fig.  2).  Fifty  percent  inhibition 
of  invasion  by  glycophorin  required  5  p.g J 
ml  (80  n M).  a  concentration  about  seven 
times  higher  than  that  for  human  band  3. 
The  activity  of  glycophorin  in  blocking 
invasion,  although  weaker  than  that  of 
band  3,  was  comparable  to  or  greater 
than  that  reported  previously  (5). 

These  experiments  confirm  the  ability 
of  glycophorin  to  inhibit  invasion  of 
erythrocytes  by  P.  falciparum  and  dem¬ 
onstrate  that  band  3  incorporated  into 
liposomes  also  blocks  invasion  at  sub¬ 
stantially  lower  concentrations  than 
those  of  glycophorin.  Analysis  on  sodi¬ 
um  dodecyl  sulfate  (SDS)  gels  stained 
with  Coomassie  blue  or  periodic  acid- 
Schiff  reagent  (PAS)  showed  the  band  3 
in  the  liposomes  to  be  90  percent  pure 
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(Fig.  1).  Other  membrane  components, 
such  as  minor  glycoproteins  and  macro- 
glycolipids,  probably  also  are  present, 
and  in  principle  could  contribute  to  the 
inhibition.  However,  because  band  3  is 
the  major  component  and  liposomes  are 
effective  at  low  concentrations,  a  reason¬ 
able  working  hypothesis  is  that  band  3  is 
the  active  component  in  these  lipo¬ 
somes.  The  precise  mechanism  of  inhibi¬ 
tion  by  band  3  and  glycophorin  remains 
to  be  established.  Explanations  based  on 
toxicity  to  parasites  or  alteration  of 
erythrocyte  membrane  properties  are 
unlikely,  since  controls  with  band  3  from 
a  different  species  or  with  liposomes 
alone  were  much  less  effective.  A  plausi¬ 
ble  interpretation  is  that  liposomes  con¬ 
taining  band  3  bind  to  surface  sites  on  the 
parasites  and  thereby  block  their  attach¬ 
ment  to  band  3  on  the  erythrocyte  mem¬ 
brane. 

Participation  of  band  3  in  invasion  is 
not  surprising,  since  this  cell-surface 
protein  is  present  in  1  million  copies  per 
cell.  Band  3  is  the  principal  component 
of  intramembrane  particles  visualized  by 
freeze-fracture  electron  microscopy  (5). 
Attachment  of  band  3  to  merozoite  sur¬ 
face  components  could  explain  the  rear¬ 
rangement  of  intramembrane  particles 
into  a  ring  surrounding  a  particle-free 
region  that  occurs  at  the  junction  be¬ 
tween  merozoite  and  erythrocyte  mem¬ 
brane  (12).  Band  3  is  attached  on  the 
cytoplasmic  surface  of  the  membrane  to 
the  spectrin-actin  membrane  cytoskele- 
ton  by  linkage  to  ankyrin  (13).  Thus 
removal  of  band  3  from  the  particle-free 
zone  (the  site  of  merozoite  entry)  would 
also  clear  this  region  of  the  spectrin 
meshwork  and  allow  penetration  of  the 
parasite. 

Malarial  parasites  infect  many  verte¬ 
brate  species,  including  reptiles,  birds, 
and  mammals.  It  is  likely  that  different 
species  share  some  fundamental  features 
of  the  process  of  invasion.  Band  3  has 
closely  related  homologues  in  these  spe¬ 
cies  and  may  represent  a  common  recep¬ 
tor  for  ail  malarial  strains.  It  is  pertinent 
to  note  that  band  3  has  been  implicated 
in  invasion  of  rhesus  monkey  erythro¬ 
cytes  by  P.  knowlesi  (7). 

It  will  be  important  to  identify  the 
putative  band  3  receptor  of  P.  falcip¬ 
arum  merozoites.  Such  a  protein  would 
be  the  logical  target  for  vaccines  against 
malaria. 

Vincent  C.  N.  Okoye* 
Vann  Bennett 
Department  of  Cell  Biology  and 
Anatomy,  Johns  Hopkins 
School  of  Medicine, 

Baltimore,  Maryland  21205 
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Clathrin,  a  Mr  =  72,000  clathrin-assoeiated  protein, 
and  myosin  were  purified  in  milligram  quantities  from 
the  same  erythrocyte  hemolysate  fraction.  Erythrocyte 
clathrin  closely  resembled  brain  clathrin  in  several 
respects:  (a)  both  are  triskelions  as  visualized  by  elec¬ 
tron  microscopy  with  arms  40  nm  in  length  with  glob¬ 
ular  ends  and  a  flexible  hinge  region  in  the  middle  of 
each  arm,  and  these  triskelions  assemble  into  polyhe¬ 
dral  “cages”  at  appropriate  pH  and  ionic  strength;  (6) 
both  molecules  contain  heavy  chains  of  M,  =  170,000 
that  are  indistinguishable  by  two-dimensional  maps  of 
,z5I-labeled  peptides;  and  (c)  both  molecules  contain 
light  chains  of  Mr  ~  40,000  in  a  1:1  molar  ratio  with 
the  heavy  chain.  Erythrocyte  clathrin  is  not  identical 
to  brain  clathrin  since  antibody  raised  against  the 
erythrocyte  protein  reacts  better  with  erythrocyte 
clathrin  than  with  brain  clathrin  and  since  brain  clath¬ 
rin  contains  two  light  chains  resolved  on  sodium  do- 
decyl  sulfate  gels  while  the  light  chain  of  erythrocyte 
clathrin  migrates  as  a  single  band.  The  erythrocyte  Mr 
=  72,000  clathrin-assoeiated  protein  is  closely  related 
to  a  protein  in  brain  that  mediates  ATP-dependent 
disassembly  of  clathrin  from  coated  vesicles  and  binds 
tightly  to  clathrin  triskelions  (Schlossman,  D.  M., 
Schmid,  S.  L.,  Braell,  W.  A.,  and  Rothman,  J.  E.  (1984) 
J.  Cell  Biol.  99,  723-733).  The  erythrocyte  and  brain 
proteins  have  identical  Mr  on  sodium  dodecyl  sulfate 
gels  and  identical  maps  of  12RI-labeled  peptides,  share 
antigenic  sites,  and  bind  tightly  to  ATP  immobilized 
on  agarose.  Clathrin  and  the  uncoating  protein  are  not 
restricted  to  reticulocytes  since  equivalent  amounts  of 
these  proteins  are  present  in  whole  erythrocyte  popu¬ 
lations  and  reticulocyte-depleted  erythrocytes.  Clath¬ 
rin  is  present  at  6,000  triskelions/cell,  while  the  un¬ 
coating  protein  is  in  substantial  excess  at  250,000 
copies/cell. 


Clathrin  is  a  large,  extended  protein  found  in  most  eukar¬ 
yotic  cells  that  is  a  three-armed  trimer  (triskelion)  containing 
three  heavy  chains  of  M,  =  170,000  and  three  light  chains  of 
M,  =  .'10,000-40,000  (Ungewickell  and  Branton,  1981;  Kirch- 
hausen  and  Harrison,  1981).  Clathrin  triskelions  form  the 
coats  of  endocytic  vesicles  which  are  involved  in  receptor- 
mediated  uptake  of  molecules  into  cells,  as  well  as  transfer  of 
membrane  proteins  between  Golgi,  endoplasmic  reticulum, 
and  the  plasma  membrane  (reviewed  by  Pearse  and  Bretscher, 
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1981).  Clathrin  undergoes  reversible  self-assembly  reactions, 
forming  coated  pits  on  the  plasma  membrane  which  are 
precursors  of  coated  vesicles  that  in  turn  lose  their  clathrin 
to  a  soluble  pool  of  clathrin  that  can  cycle  back  to  the  plasma 
membrane.  Recently,  a  M,~  70,000  protein  has  been  purified 
from  brain  cytosol  that  disassembles  clathrin  coats  to  triske¬ 
lions  in  an  ATP-dependent  manner  and  has  been  termed  as 
“uncoating  ATPase”  (Schlossman  et  a/.,  1984;  Braell  et  al. , 
1984;  Schmid  et  al.,  1984).  The  uncoating  protein  presumably 
allows  clathrin  triskelions  to  recycle  back  to  coated  pits  for 
another  round  of  endocytosis.  Little  is  known  about  the 
interactions  of  clathrin  with  membrane  proteins  and  recep¬ 
tors.  Clathrin  will  reassociate  in  vitro  with  protease-sensitive 
sites  on  clathrin -depleted  coated  vesicles,  although  the  pro- 
tein(s)  responsible  for  this  interaction  have  not  been  conclu¬ 
sively  demonstrated  (Unanue  et  al.,  1981).  This  report  de¬ 
scribes  identification  and  purification  of  clathrin  and  the 
uncoating  protein  from  the  cytosol  of  human  erythrocytes. 
These  simple  cells  have  the  best  understood  plasma  mem¬ 
brane  in  terms  of  the  organization  of  its  structural  proteins. 
Proteins  closely  related  to  membrane  skeletal  components  of 
erythrocytes  such  as  spectrin,  ankyrin,  protein  4.1  (synapsin), 
and  the  anion  transporter  have  been  found  in  many  other  cell 
types  (reviewed  by  Bennett,  1985).  Moreover,  proteins  of 
other  cells  have  been  found  in  erythrocytes,  including  insulin 
receptors  (Gambhir  et  al.,  1978;  Grigorescu  et  al.,  1983),  tro¬ 
pomyosin  (Fowler  and  Bennett,  1984),  and  myosin  (Fowler  et 
al.,  1985).  The  well-characterized  erythrocyte  membrane  thus 
may  provide  an  excellent  model  system  for  elucidating  the 
protein  associations  involved  in  clathrin-membrane  interac¬ 
tions  and  endocytosis  of  receptor  molecules. 

EXPERIMENTAL  PROCEDURES 

Materials—  Nal25I  was  from  Amersham  Corp.  Hvdroxylapatite 
(high  resolution)  was  from  Calbiochem-Behring.  Plastic  thin-layer 
sheets  coated  with  0.1  mm  of  cellulose  was  from  Merck.  Diisopro¬ 
pyl  lluorophosphate,  phenylmethvlsulfonyl  fluoride,  dithiothreitol 
(DTT'I.  and  ATI’-agarose  (linked  through  C-8)  were  from  Sigma. 
Nitrocellulose  paper  and  electrophoresis  reagents  were  from  Bio-Rad. 
Sucrose  and  ammonium  sulfate  were  from  Schwarz/Mann.  o-Ohv- 
motrypsin  (44  units/mg)  was  from  Worthington.  Cyanogen  bromide- 
activated  Sepharose  4B.  dextran  500,  Protein  A,  Protein  A-Sepharose. 
Percoll.  and  Sephacryl  8-400  were  from  Pharmacia.  DEAE-53-cellu- 
lose  was  from  Whatman.  Erythrocyte  ghosts  were  prepared  as  de¬ 
scribed  (Bennett,  1983).  Bovine  brains  were  obtained  within  30  min 
of  death  from  a  local  slaughterhouse;  tissue  from  the  cerebral  cortex 
was  washed  with  0.32  M  sucrose  and  frozen  in  liquid  nitrogen.  Frozen 
brain  was  stored  at  —100  C  and  used  within  0  weeks. 

Methods-  Brain  tissue  was  homogenized  with  a  Brinkmann  In¬ 
struments  Polytron  (large  head)  for  30  60  s  at  a  setting  of  5.5.  SDS- 
polvacrylamide  electrophoresis  was  performed  on  3.5-17'';  exponen¬ 
tial  gradient  slab  gels  with  the  buffers  of  Fairbanks  et  al.  (1971). 
Immunohlot  analvsis  was  performed  bv  elect rophoretically  transfer- 

1  The  abbreviations  used  are:  DTT,  dithiothreitol;  SOS,  sodium 
dodecyl  sulfate;  KGTA.  ethylene  glycol  hist d-aminoethyl  ether)- 
.V..V..V ".jV'-tet raacetic  acid. 
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ring  proteins  from  SDS  gels  to  nitrocellulose  paper  (Towbin  et  al., 
1979)  using  conditions  as  described  (Bennett  and  Davis,  1981).  Pro¬ 
tein  was  determined  by  the  method  of  Bradford  (1976)  or  Lowry  et 
al.  (1951)  or  by  absorbance  at  280  nm.  The  concentration  of  purified 
uncoating  protein  was  determined  by  the  method  of  Bradford 
(Schlossman  et  al.,  1984),  and  scans  of  Coomassie  Blue-stained  gels 
were  used  to  determine  the  purity.  The  concentration  of  erythrocyte 
clathrin  was  determined  by  absorbance  at  280  nm  using  an  of 

11.9  (Unanue  et  al.,  1981)  and  by  scans  of  stained  gels  to  determine 
the  amount  of  clathrin  heavy  chain  relative  to  total  protein.  Autora¬ 
diography  was  performed  at  —100  °C  with  X  Omat  AR  film  (Kodak) 
and  Cronex  intensifier  screens  (DuPont).  Proteins  were  radioiodi- 
nated  with  Na'3'I  using  chloramine  T  as  an  oxidant  (Hunter  and 
Greenwood,  196'2). 

Erythrocytes  were  isolated  from  freshly  drawn  blood  (4  units)  and 
depleted  of  other  cell  types  as  described  (Bennett,  1989).  The  cells 
were  lysed  in  10  volumes  of  7.5  mM  sodium  phosphate  buffer,  pH  7.4, 
1  mM  NaEGTA  0.01  *7  Iv/v)  diisopropyl  fluorophosphate  and  then 
concentrated  an!  washed  on  a  Millipore  filtration  apparatus  with  a 
Pellicon  cassette  system,  using  a  Durapore  0.5-g  filter.  The  initial  6 
liters  of  hemolysate  was  collected  and  used  for  the  starting  material 
for  purification  of  clathrin,  myosin,  and  uncoating  protein. 

Two-dimensional  maps  of  '“I- labeled  «-chymotryptic  peptides 
were  performed  by  modification  of  the  procedure  of  Elder  et  al.  ( 1977). 
Samples  were  elect rophoresed  on  3.6-17%  exponential  gradient  slab 
gels  with  the  buffers  of  Fairbanks  et  al.  (1971).  The  gels  were  lightly 
stained  with  Coomassie  Blue,  and  the  protein  band  was  excised, 
destained  completely,  and  equilibrated  in  10  mM  phosphate  buffer, 
pH  7.4.  The  gel  slices  were  dehydrated  in  an  80  °C  oven  and  then 
iodinated  with  0.5  mCi  of  Na135I  in  a  200-gl  final  volume  containing 
50  mM  phosphate  buffer,  pH  7.4,  0.1%  SDS.  200  ag/ml  chloramine  T 
for  1  h  at  room  temperature.  The  reaction  was  stopped  by  addition 
of  20  a  I  of  DTT  ( 10  mg/ml),  and  the  gel  slices  were  washed  extensively 
over  a  period  of  days  with  multiple  changes  of  buffer  until  the  counts 
in  the  supernatants  were  less  than  5%  of  the  total.  The  slices  were 
then  equilibrated  with  50  mM  ammonium  acetate,  1  mM  sodium  azide, 
pH  7.0,  suspended  in  0.5  ml  of  buffer,  and  digested  for  20  h  at  37  °0 
with  two  additions  of  25  eg  of  o-chymotrypsin.  The  digest  was 
Ivophilized  and  peptide  maps  were  prepared. 


Antisera  were  raised  in  three  New  Zealand  White  rabbits,  which 
were  injected  subcutaneously  with  1-200  eg  of  erythrocyte  clathrin 
as  purified  in  Fig.  1,  in  complete  Freund’s  adjuvant,  followed  by  four 
similar  injections  at  2-week  intervals  with  antigen  in  incomplete 
adjuvant.  Titer  was  monitored  by  the  immunoblot  method  (see  above) 
and  was  maximal  after  four  injections.  Pooled  immune  sera  were 
diluted  with  1  volume  of  0.15  M  NaCl,  10  mM  sodium  phosphate,  pH 
7.4,  1  mM  NaEDTA,  1  mM  NaN;i,  0.2%  (v/v)  Triton  X-100  and  heated 
to  60  °C  in  the  presence  of  200  gg/ml  phenylmethylsulfonyl  fluoride 
to  minimize  protease  activity.  Antibody  against  erythrocyte  clathrin- 
uncoating  protein  and  clathrin  was  isolated  by  affinity  chromatog¬ 
raphy  using  purified  proteins  (Figs.  1  and  3)  coupled  to  cyanogen 
bromide-activated  Sepharose  CL-4B  (~600  gg  of  protein/ml  of  aga¬ 
rose).  100  ml  of  diluted  serum  was  applied  to  a  5-m!  column  of 
uncoating  protein-Sepharose  at  4  ”C  with  a  flow  rate  of  10  ml/h.  The 
breakthrough  was  then  applied  to  a  5-ml  column  of  erythrocyte 
clathrin-Sepharose.  Both  columns  were  washed  successively  with  100 
ml  of  0.5  M  NaCl,  10  mM  sodium  phosphate,  pH  7.4,  0.2%  Triton  X- 
100,  1  mM  NaN:l,  50  ml  of  2  M  urea,  0.1  M  glycine,  0.1%  Triton  X- 
100,  and  20  mM  Na  acetate,  pH  5.0  until  the  Aato  dropped  to  0.  The 
antibodies  were  then  eluted  with  0.1  M  glycine  HC1,  pH  2.2,  into  tubes 
containingO.l  ml  of  Tris  base/ml  of  fractions  collected.  Peak  fractions 
were  dialyzed  against  0.15  M  NaCl,  10  mM  sodium  phosphate,  pH  7.4, 
1  mM  NaNa,  10%  sucrose  and  stored  at  —70  °C.  Preimmune  antibody 
was  purified  from  pooled  preimmune  serum  by  affinity  chromatog¬ 
raphy  on  Protein  A-Sepharose  CL-4B  employing  the  same  washes 
and  elution  conditions. 

Amounts  of  erythrocyte  clathrin  and  uncoating  protein  were  esti¬ 
mated  in  red  blood  cells  by  dissolving  packed  cells  (cell  number 
determined  by  counting  in  a  hemocytometer)  in  10  volumes  of  2  x 
concentrated  SDS-polyacrylamide  gel  electrophoresis  buffer,  and  10- 
or  20-gl  samples  of  erythrocytes  or  known  amounts  of  pure  clathrin 
and  uncoating  protein  were  run  on  gels  in  triplicate.  The  proteins 
were  then  electrophoretically  transferred  to  nitrocellulose,  incubated 
overnight  with  2  gg/ml  affinity-purified  antibodies  and  then  labeled 
for  2  h  with  '“1-Protein  A  (2  X  106  cpm/ml)  and  stained  lightly  with 
0.2%  Ponceau  S  in  3%  trichloroacetic  acid,  and  the  appropriate  bands 
were  cut  out  and  counted  in  a  y-counter.  Background  was  determined 
using  gel  lanes  lacking  protein. 
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FlG.  1.  Purification  of  human  erythrocyte  clathrin  and  myosin  from  a  low  salt  hemolysate  fraction 
by  chromatography  on  DEAE-cellulose,  Sephacryl  S-400,  and  hydroxylapatite.  Human  red  blood  cell 
hemolysate  (6  liters)  (see  "Methods")  was  adjusted  to  50  mM  final  concentration  in  sodium  chloride  and  batch- 
wise  adsorbed  with  120  ml  of  DEAE-53-cellulose  previously  equilibrated  in  7.5  mM  sodium  phosphate  buffer,  1  mM 
NaEDTA,  1  mM  sodium  azide.  pH  7.4.  The  DEAE-cellulose  was  collected  on  a  glass-centered  funnel  and  washed 
with  2  liter  of  cold  Ivsis  buffer  with  the  addition  of  100  mM  sodium  chloride  and  then  poured  into  a  column  and 
eluted  at  20  ml/h  with  200  mM  NaCl  dissolved  in  lysis  buffer,  collecting  15-ml  fractions.  Protein  was  monitored 
by  polyacrylamide  gel  electrophoresis,  and  M,  =  170,000  material  was  pooled.  Solid  ammonium  sulfate  was  added 
to  the  pooled  DEAF,  fractions  to  60%  saturation  and  left  on  ice  for  1  h,  and  precipitated  protein  was  collected  by 
centrifugation  at  30,000  x  g  for  30  min.  The  pellet  was  resuspended  in  9  ml  of  1  M  NaBr.  1  mM  NaEDTA.  10  mM 
phosphate  buffer,  pH  7.4,  0.5  mM  DTT,  1  mM  azide  (column  buffer),  centrifuged  at  100,000  x  g  for  30  min,  applied 
to  a  Sephacryl  S-400  column  (2.5  x  85  cm)  equilibrated  in  the  same  buffer,  and  run  at  a  flow  rate  of  20  ml/h  with 
5-ml  fractions  ( left  panel).  The  clathrin/myosin  peak  was  pooled,  adjusted  to  2  mM  MgCl2.  and  applied  to  a 
hydroxylapatite  column  (5  ml)  equilibrated  in  column  buffer  without  NaEDTA.  The  hydroxylapatite  was  eluted 
with  the  same  buffer  with  increasing  sodium  phosphate  concentrations  of  50,  100.  150,  and  250  mM  at  pH  7.4 
( middle  panel).  Samples  were  analyzed  by  electrophoresis  on  a  SDS-polyaervlamide  gel  stained  with  Coomassie 
Blue  (right  panel).  Ixine  I,  human  erythrocyte  ghosts;  lane  2.  DEAE-200  mM  sodium  chloride  elution;  lane  .), 
DEAE-500  mM  sodium  chloride  elution;  lane  4,  Sephacryl  S-400  pool;  lane  .5,  hvdroxylapatite-100  mM  phosphate 
elution;  lane  6,  purified  clathrin  from  the  hydroxylapatite  column  (150  mM  elution);  lane  7.  purified  myosin  from 
the  hydroxylapatite  column  (250  mM  elution). 
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Dense  older  erythrocytes  were  isolated  on  Percoll  density  gradients 
to  determine  if  older  cells  contained  similar  amounts  of  clathrin  and 
uncoating  protein  as  starting  cells.  Percoll  was  made  isotonic  with 
NaCl  and  then  diluted  with  0.15  M  saline  to  the  following  densities, 
1.09,  1.1,  1.105,  1.11,  1.115,  and  1.120,  and  layered  in  steps  (1.5  ml 
each)  in  15-ml  centrifuge  tubes.  Aliquots  of  starting  cells  were  taken, 
and  identical  samples  (2-5  ml)  were  layered  onto  the  gradients  and 
centrifuged  in  a  Beckman  JA-20  rotor  at  12,000  rpm  for  15  min.  The 
erythrocytes  were  distributed  in  multiple  density  bands.  The  upper 
50%  of  the  total  erythrocytes  were  aspirated  off,  and  the  remaining 
cells  were  washed  and  packed  to  the  same  cell  density  as  the  starting 
cells.  Starting  and  Percoll  isolated  cells  were  then  dissolved  in  10 
volumes  of  2  X  SDS-polyacrvlamide  gel  electrophoresis  buffer  and 
run  on  gels,  and  an  immunoblot  analysis  was  performed. 

RESULTS 

Identification  and  Purification  of  Erythrocyte  Clathrin — 
Erythrocyte  clathrin  triskelions  were  initially  discovered  by 
electron  microscopy  as  contaminants  in  preparations  of 
myosin  isolated  from  erythrocyte  cytosol  (Fowler  et  al.,  1985). 
Clathrin  was  purified  from  erythrocyte  cytosol  using  the  fol¬ 
lowing  steps,  which  were  monitored  by  SDS  gels:  1)  batch 
adsorption  to  DEAE-cellulose  and  elution  with  a  step  gra¬ 
dient,  2)  precipitation  with  ammonium  sulfate,  3)  gel  filtration 
on  Sephacryl  S-400  in  1  M  sodium  bromide,  and  4)  hydroxyl- 
apatite  chromatography  (Fig.  1).  This  procedure  also  yields 
erythrocyte  myosin  in  higher  purity  and  yield  than  reported 
previously  (Fowler  et  al.,  1985).  The  isolated  clathrin  con¬ 
tained  polypeptides  of  M,  =  170,000  and  41,000  in  approxi¬ 
mately  a  1:1  molar  stoichiometry  that  comprised  about  90% 
of  the  Coomassie  Blue  staining  material  on  SDS  gels.  Two 
polypeptides  of  Mt  =  72,000  and  71,000  copurified  with  the 
Mr  =  170,000  and  41,000  polypeptides  and  may  be  associated 
with  clathrin  (see  below).  The  recovery  of  clathrin  from  700 
ml  of  packed  erythrocytes  was  3.3  mg,  while  2.4  mg  of  myosin 
was  isolated. 

Erythrocyte  clathrin  visualized  in  the  electron  microscope 
following  rotary  shadowing  with  platinum  is  a  three-armed 
structure  (Fig.  2)  identical  to  published  images  of  brain  clath¬ 
rin  which  were  termed  triskelions  (Ungewickell  and  Branton, 
1981;  Kirchhausen  and  Harrison,  1981).  Each  arm  of  eryth¬ 
rocyte  clathrin  triskelions  is  about  40  nm  in  length,  has  a 
bend  or  kink  approximately  in  the  mid-region,  and  has  a 
globular  knob  on  the  end,  as  reported  for  brain  clathrin 
(Ungewickell  and  Branton,  1981;  Kirchhausen  and  Harrison, 
1981, 1984).  As  expected  from  experience  with  other  clathrins, 
erythrocyte  clathrin  triskelions  will  assemble  into  polyhedral 
“cages”  approximately  120  nm  in  diameter  when  dialyzed 
against  low  ionic  strength  buffers  at  pH  6.5  or  less  (Fig.  2). 

Erythrocyte  clathrin  heavy  chain  and  brain  clathrin  heavy 
chain  are  closely  related  in  amino  acid  sequence,  since  the  M, 
=  170,000  polypeptides  of  brain  and  erythrocyte  clathrin 
produce  identical  two-dimensional  l“I-labeled  peptide  maps 
(Fig.  3).  The  brain  and  erythrocyte  clathrin  heavy  chains  are 
not  identical  in  sequence,  however,  since  antibody  raised 
against  erythrocyte  clathrin  cross-reacts  about  2-fold  better 
with  erythrocyte  clathrin  than  with  brain  clathrin  by  immu- 
noblots  (not  shown).  Presumably,  the  erythrocyte  antibody 
recognizes  erythrocyte-specific  determinants  that  are  not  la¬ 
beled  with  '"'T  or  which  happen  to  co-migrate  on  peptide 
maps. 

Erythrocyte  clathrin  and  brain  clathrin  differ  in  their  light 
chains.  The  brain  protein  contains  two  polypeptides  with  an 
apparent  M,  of  41,000  and  43,000  present  in  a  1:2  molar  ratio, 
as  noted  previously  (Ungewickell  and  Branton,  1981;  Kirch¬ 
hausen  and  Harrison,  1981).  The  apparent  M,  of  brain  clath¬ 
rin  light  chains  is  higher  than  values  of  33,000  and  36,000 
reported  by  other  investigators,  but  this  difference  is  due  to 


Fie.  2.  Visualization  of  erythrocyte  clathrin  by  electron 
microscopy.  Erythrocyte  clathrin  (660  jig/ml)  was  diluted  to  10  ng/ 
ml  with  100  mM  ammonium  formate,  pH  7.0,  30%  (v/v)  glycerol,  1 
mM  sodium  azide,  sprayed  onto  freshly  cleaved  mica,  dried  under 
vacuum  at  room  temperature,  and  rotary-shadowed  with  platinum  at 
an  angle  of  6  °  followed  by  carbon  (Shotton  et  al.,  1979)  ( left  panel). 
Clathrin  baskets  were  formed  by  dialysis  into  20  mM  sodium  phos¬ 
phate  buffer,  1  mM  MgCl2,  1  mM  NaEGTA,  0.5  mM  DTT.  1  mM 
sodium  azide,  pH  6.6  overnight  and  then  applied  to  Formvar-coated 
grids  and  stained  with  1%  uranvl  acetate  [right  panel).  Bar  =  200 
nm. 


use  of  different  buffers  in  electrophoresis.  Erythrocyte  clath¬ 
rin  contains  a  single  light  chain  that  co-migrates  with  the 
lower  M,  light  chain  of  brain  clathrin  (Fig.  3).  It  is  possible 
that  erythrocyte  clathrin  contains  distinct  light  chains  that 
co-migrate  on  SDS  gels  or  that  in  the  erythrocyte  system  one 
of  the  light  chains  has  been  lost. 

The  amount  of  clathrin  in  erythrocytes  was  estimated  at 
6000  triskelions/cell  by  quantitative  immunoblots  (Table  I). 
Clathrin  is  present  in  cells  other  than  reticulocytes,  since 
erythrocytes  depleted  of  reticulocytes  by  fractionation  on 
Percoll  gradients  had  equivalent  amounts  of  clathrin  as  un¬ 
fractionated  erythrocytes  (Table  I).  Clathrin  thus  is  not  lost 
during  maturation  of  erythrocytes.  The  amount  of  clathrin 
per  erythrocyte  is  about  20%  of  the  number  of  copies  per  rat 
lymphocyte,  which  are  cells  of  comparable  size  to  erythrocytes 
(Goud  et  al.,  1985). 

Purification  of  the  Mr  =  72,000  Clathrin-uncoating  Protein 
from  Erythrocyte  Cytosol — Brain  clathrin  baskets  have  re¬ 
cently  been  reported  to  be  disassembled  in  an  ATP-dependent 
reaction  involving  a  protein  of  M,  ~  70,000  that  binds  to  ATP 
affinity  columns  and  has  been  termed  an  uncoating  ATPase 
(Schlossman  et  al.,  1984;  Braell  et  al.,  1984;  Schmid  et  al., 
1984).  A  protein  closely  related  to  the  brain  uncoating  ATPase 
is  present  in  erythrocyte  cytosol  and  has  been  purified  by 
affinity  chromatography  with  an  ATP-Sepharose  column 
(Fig.  4).  The  isolated  erythrocyte  M,  =  72,000  polypeptide 
was  81%  pure  based  on  scans  of  Coomassie  Blue-stained  gels, 
and  about  7  mg  was  recovered  from  700  ml  of  packed  eryth¬ 
rocytes.  The  M,  =  72,000  protein  from  cytosol  is  identical  to 
the  M,  =  72,000  polypeptide  that  copurified  with  erythrocyte 
clathrin  since  two-dimensional  peptide  maps  of  these  proteins 
are  very  similar  (Fig.  5).  The  M,  =  71,000  polypeptide  copu- 
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Fio.  3.  The  heavy  chains  of  erythrocyte  clathrin  and  brain  clathrin  have  identical  two-dimensional 
peptide  maps  of  125I-labeled  chymotryptic  peptides.  Maps  are  ( right  panel):  erythrocyte  clathrin  heavy  chain 
(.4),  brain  clathrin  heavy  chain  (B),  and  a  mixture  of  peptides  from  A  and  B  (C).  See  “Methods"  for  experimental 
procedures.  Erythrocyte  clathrin  was  isolated  as  described  in  the  legend  to  Fig.  1,  and  brain  clathrin  was  purified 
as  described  by  Ungewickell  and  Branton  (1981)  except  that  the  second  gel  filtration  step  in  triethanolamine  was 
omitted.  Left  panel,  SDS-polvacrylamide  gels  stained  with  Coomassie  Blue:  lane  I,  erythrocyte  ghost  membranes; 
lane  2,  brain  clathrin;  lane  3,  erythrocyte  clathrin. 
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Tabi.f  1 

Quantitation  of  iluthrin  and  uncoating  protein  in  erythrocytes 


Mr 

xicr3 

260 
225-i 
215  - 


Erythrocyte  clathrin 
(triskelions) 

Uncoating  protein 
(monomer) 

molecules /cell 

I'nfractionated  erythrocytes0 

6.050  ±  139 

257,690  ±  10,800 

Ret  iculocvte-depleted 

6,460  ±  174 

264,650  ±  7,940 

erythrocytes'’ 

72- 


43- 


Fh;.  4.  Purification  of  a  Mr  =  72,000  erythrocyte  clathrin- 
associated  protein  from  hemolysate  by  chromatography  on 
DEAE-cellulose,  Sephacryl  S-400,  hydroxylapatite,  and  an 
ATP-agarose  affinity  column.  Immune  sera  against  the  isolated 
clathrin  which  contained  antibodies  against  protein  migrating  on  gels 
at  M,  =  70.000  and  72,000  (see  Fig.  6)  were  used  to  screen  fractions 
by  immunoblot  analysis  (see  “Methods"!  of  the  clathrin  purification 
(Fig.  II.  A  large  pool  of  cross-reactivity  was  found  in  the  DEAE-200 
mM  eluate  which  migrated  at  the  Sephacryl  S-400  column  toward  the 


“Determined  by  a  quantitative  immunoblotting  procedure  as  de¬ 
scribed  under  “Experimental  Procedures."  Molecule  numbers  were 
determined  by  (calculated  mol  of  protein/cell  number  (determined  by 
direct  counting  in  a  hemocvtometer))  x  6.03  x  10”.  Values  were  an 
average  of  triplicate  samples. 

*  Determined  in  a  separate  experiment  with  control  cells  and  dense 
cells  isolated  on  Percoll  gradients  (see  “Experimental  Procedures”). 
Molecule  numbers  were  extrapolated  from  a  per  cent  of  control  cells 
in  the  same  assay,  using  numbers  generated  in  the  above  quantitation 
assay  for  molecules  per  control  cells.  Values  were  an  average  of 
duplicate  samples. 

rifying  with  clathrin  has  distinct  maps  and  may  be  another 
unidentified  clathrin-associated  protein.  Band  4.2,  a  mem¬ 
brane  protein  of  Mr  =  72,000,  also  exhibited  a  distinct  peptide 
map  (Fig.  5). 

The  human  erythrocyte  M,  =  72,000  clathrin-associated 
protein  is  closely  related  to  the  uncoating  ATPase  of  bovine 


included  volume  (Fig.  1).  The  Sephacryl  S-400  fractions  were  pooled 
(see  Fig.  1 ).  adjusted  to  1  mM  MgCl2,  and  applied  to  a  hydroxylapatite 
column  (20  ml)  in  the  presence  of  1  M  sodium  bromide.  The  cross¬ 
reacting  polypeptide  did  not  adsorb  to  the  column,  and  this  unad¬ 
sorbed  material  was  then  dialyzed  against  10  mM  sodium  phosphate 
buffer,  25  mM  KC1,  0.5  mM  DTT,  1  mM  sodium  azide.  2  mM  MgOI2, 
pH  7,4.  The  dialysate  was  applied  to  an  ATP-agarose  column  (10  ml. 
0.8  x  13  cm),  which  was  washed  until  the  A28n„„,  approached  zero, 
and  then  eluted  with  20  volumes  of  buffer  with  2  mM  ATP  at  10  ml/ 
h.  The  ATP  column  eluate  was  collected  on  a  4-ml  DF.AE-53  column 
which  was  then  eluted  with  0.5  M  sodium  chloride.  Samples  were 
analyzed  by  electrophoresis  on  a  SDS-polyacrylamide  gel  stained  with 
Coomassie  Blue.  Lane  I ,  human  erythrocyte  ghosts;  lane  2.  Sephacryl 
S-400  pool:  lane  3.  ATP-agarose  start:  lane  4,  ATP-agarose  break¬ 
through:  lane  5.  purified  erythrocyte  clathrin-associated  proteut  from 
the  DF.AE-0.5  M  sodium  chloride  elution:  lane  6,  erythrocyte  clathrin. 
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brain  based  on  cross- reactivity  (Fig.  7)  and  peptide  maps  (Fig. 
8).  Antibody  against  the  erythrocyte  protein  was  isolated  by 
affinity  chromatography  using  immobilized  cytosolic  protein 
from  antisera  raised  against  erythrocyte  clathrin  and  its  as¬ 
sociated  proteins  (Fig.  6).  The  affinity-purified  antibody 
against  the  erythrocyte  M,  =  72,000  protein  cross-reacted 
with  a  Mr  =  72,000  polypeptide  present  in  brain  membranes 
and  brain  cytosol  (Fig.  7).  The  cross-reacting  M,  =  72,000 
polypeptide  of  brain  cytosol  was  purified  by  affinity  chroma¬ 
tography  on  an  ATP-Sepharose  column  using  the  procedure 
described  for  the  uncoating  ATPase  (Schlossman  et  a/.,  1984) 
(Fig.  7).  The  antibody  also  cross-reacted  with  a  polypeptide 
of  M,  =  110,000,  but  this  protein  did  not  bind  to  the  ATP 
affinity  column  (Fig.  7)  and  exhibited  distinct  peptide  maps 
(not  shown).  The  erythrocyte  M,  =  72,000  protein  is  identical 
or  closely  related  in  amino  acid  sequence  to  the  cross-reacting 
M,  =  72,000  protein  from  brain  since  peptide  maps  of  these 
proteins  were  indistinguishable  (Fig.  8).  The  erythrocyte  M, 
=  72,000  protein  also  was  capable,  in  preliminary  studies,  of 
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Fig.  5.  Two-dimensional  peptide  maps  of  125I-iabeled  pep¬ 
tides  from  purified  erythrocyte  clathrin-associated  protein 
(A),  Band  4.2  of  erythrocyte  membranes  (B),  the  Mr  =  72,000 
contaminant  in  the  isolated  clathrin  (O,  and  the  M,  =  71,000 
contaminant  in  the  isolated  clathrin  (D).  See  “Methods”  for 
experimental  procedures.  The  clathrin-associated  proteins  were  iso¬ 
lated  as  described  in  the  legend  to  Fig.  1. 


Fig.  6.  Characterization  of  affinity-purified  antibody 
against  erythrocyte  clathrin  and  clathrin-uncoating  protein 

bv  immunoblot  analysis.  Immune  sera  which  contained  antibodies 
against  clathrin  heavy  chain  as  well  as  the  M,  =  72,000  clathrin- 
associated  protein  were  applied  to  affinity  columns  in  series  contain¬ 
ing  first  a  clathrin-associated  protein-Sepharose  column  followed  by 
the  clathrin-Sepharose  affinity  column  (see  “Methods").  Gels  were 
stained  with  Coomassie  Blue  If.  BLUR)  ( left  panel )  or  electrophoret- 
ically  transferred  to  nitrocellulose  paper  for  immunoblot  analysis  (see 
"Methods"  (right  panels)),  Ixine  I,  human  erythrocyte  ghosts;  lane  2, 
DEAE-0.2  M  Nad  elution  from  the  clathrin  purification  (Fig.  1);  lane 
:i,  DEAE-0.5  m  NaCl  elution  from  the  clathrin  purification;  lane  4 , 
purified  erythrocyte  clathrin. 


Fig.  7.  An  immunoreactive  form  of  the  erythrocyte  Mr  = 
72,000  clathrin-associated  protein  is  present  in  brain  mem¬ 
branes  and  brain  cytosol  and  copurifies  with  brain  clathrin- 
uncoating  protein.  Brain  clathrin-uncoating  protein  was  partially 
purified  from  brain  cytosol  by  a  modification  of  the  procedure  of 
Schlossman  et  at  (1984).  300  g  of  bovine  brain  was  homogenized  in 
1.3  liters  of  0.32  M  sucrose.  2  dim  NaEGTA,  pH  7.4  (see  "Methods"). 
Brain  cytosol  was  prepared  from  a  post-nuclear  30.000  x  g  superna¬ 
tant  by  a  final  100.000  x  g  centrifugation  for  90  min.  Cytosol  was 
applied  to  a  60-ml  DEAE-53  column  (2.3  x  13  cm)  equilibrated  with 
10  mM  sodium  phosphate.  1  dim  NaEDTA.  1  dim  NaN:i,  pH  7.4.  at 
30  ml/h.  The  column  was  washed  and  then  eluted  with  salt  cuts  of 
50.  150.  and  250  mM  sodium  chloride  dissolved  in  equilibration  buffer. 
The  150  mM  elution  which  contained  the  cross-reacting  material  was 
pooled  and  then  resuspended  in  10  mM  sodium  phosphate.  25  mM 
KC1, 0.5  mM  DTT.  1  mM  NaEDTA.  1  mM  NaN-i,  pH  7.4,  and  dialyzed 
against  2x4  liters  of  the  same  buffer,  the  latter  lacking  EDTA.  The 
dialvsate  was  adjusted  to  1  mM  MgCf  and  applied  to  a  10-ml  ATP- 
agarose  column  (0.8  x  13  cm)  at  20  ml/h.  The  column  was  washed 
and  then  eluted  with  20  volumes  of  buffer  with  1  mM  ATP.  and  the 
eluted  material  was  collected  on  a  5-ml  DEAE-53  column  which  was 
eluted  with  0.5  M  NaCl.  Samples  were  run  on  SDS  gels  and  stained 
with  Coomassie  Blue  (C.  BLUE)  ( left  panel )  or  elect rophoretically 
transferred  to  nitrocellulose  paper  incubated  with  either  affinity- 
purified  Ig  against  erythrocyte  M,  =  72.000  protein  or  nonimmune  lg 
for  immunoblot  analysis  (see  “Methods"  (right  panels)).  Lane  1, 
erythrocyte  ghosts;  lane  2,  demvelinaled.  washed  brain  membranes; 
lane  :l.  brain  cytosol;  lane  4,  ATP-agarose  starling  material;  lane  5. 
ATP-agarose  breakthrough;  lane  6,  partially  purified  brain  clathrin- 
uncoating  protein  from  the  DEAE  catcher  column. 
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Fit;.  8.  Two-dimensional  peptide  maps  of  126I-Iabeled  peptides  from  the  M,  =  72,000  clathrin- 
associated  protein  from  erythrocytes  (A),  the  brain  clathrin- uncoating  protein  (B),  and  a  mixture  of 
peptides  from  A  and  B  (C).  See  “Methods"  for  experimental  procedures.  The  erythrocyte  protein  was  purified 
as  described  in  the  legend  to  Fig.  4.  and  the  brain  protein  as  described  in  the  legend  to  Fig.  7. 


promoting  disassembly  of  clathrin  cages  from  brain  using  the 
procedures  of  Schlossman  et  al.  (1984)  (data  not  shown).  It 
appears  that  both  clathrin  and  the  uncoating  ATPase  are 
highly  conserved  proteins  with  very  similar  forms  in  human 
erythrocytes  and  bovine  brain. 

The  amounts  of  erythrocyte  clathrin-uncoating  protein  in 
cytosol  are  surprisingly  high  and  were  estimated  at  about 
250,000  copies/cell  (Table  I).  As  is  the  case  with  clathrin, 
erythrocytes  depleted  of  reticulocytes  had  unaltered  amounts 
of  uncoating  protein  (Table  I).  At  least  90%  of  the  uncoating 
protein  is  cytosolic,  although  some  can  be  detected  in  washed 
membranes  by  immunoblots  (not  shown).  Band  4.2  is  a  major 
membrane  protein  of  identical  mobility  in  SDS  gels,  but 
peptide  maps  of  Band  4.2  and  the  uncoating  protein  indicate 
that  these  polypeptides  are  unrelated  (Fig.  5). 

DISCUSSION 

This  report  describes  identification  and  purification  of 
clathrin  and  a  M,  =  72,000  clathrin-associated  protein  from 
the  cytosol  of  mature  human  erythrocytes.  Erythrocyte  clath¬ 
rin  closely  resembles  brain  clathrin  in  several  respects:  (a) 
both  are  triskelions  as  visualized  by  electron  microscopy  with 
arms  ~40  nm  in  length  with  a  globular  end  and  hinge  region 
in  the  middle  of  each  arm,  and  these  triskelions  will  assemble 
into  polyhedral  cages  at  appropriate  pH  and  ionic  strength; 

( b )  both  molecules  contain  heavy  chains  of  M,  =  170,000  that 
are  indistinguishable  by  two-dimensional  peptide  maps;  and 

(c)  both  molecules  contain  light  chains  in  a  1:1  molar  ratio 
with  the  heavy  chain,  although  brain  clathrin  has  two  forms 
of  light  chain,  while  erythrocyte  clathrin  may  have  only  one 
form  of  light  chain.  Erythrocyte  M,  =  72,000  clathrin-associ¬ 
ated  protein  is  closely  related  or  identical  to  a  protein  recently 
discovered  in  brain  that  mediates  ATP-dependent  disassem¬ 
bly  of  clathrin  from  coated  vesicles  and  binds  tightly  to 
clathrin  triskelions  (Schlossman  et  al.,  1984).  The  erythrocyte 
and  brain  proteins  have  identical  M,  on  SDS  gels  and  identical 
two-dimensional  peptide  maps,  share  antigenic  sites,  and  are 
purified  by  affinity  chromatography  on  ATP-agarose.  The 
clathrin  and  uncoating  protein  are  not  restricted  to  reticulo¬ 
cytes  and  are  present  in  equivalent  amounts  in  whole  eryth¬ 
rocyte  populations  and  reticulocyte-depleted  erythrocytes 
(Table  I). 

The  presence  of  clathrin  in  erythrocytes  at  some  stage  of 
development  should  have  been  expected  since  these  cells  are 
very  active  as  reticulocytes  in  endocytosis  of  iron-transferrin 
complexes  for  the  synthesis  of  hemoglobin  (Hemmaplardh 


and  Morgan,  1977;  Jandl  and  Katz,  1963).  Clathrin-coated 
vesicles  presumably  engaged  in  endocytosis  of  transferrin- 
receptor  complexes  have  been  visualized  in  reticulocytes  and 
are  observed  budding  from  the  inner  surface  of  the  membrane 
at  sites  free  of  spectrin  (Harding  et  al.,  1983).  Furthermore, 
insulin  receptors  in  human  erythrocytes  are  reversibly  down- 
regulated  in  the  presence  of  insulin  (Peterson  et  al.,  1983), 
and  in  other  cells  such  down-regulation  has  been  linked  to  a 
clathrin-mediated  endocytosis. 

Mammalian  erythrocytes  lose  their  transferrin  receptors 
within  several  days  of  entering  the  circulation,  with  a  reduc¬ 
tion  from  about  400,000  to  less  than  10,000  receptors/cell 
(Van  Bockxmeer  and  Morgan,  1979;  Frazier  et  al.,  1982;  Enns 
et  al.,  1981;  Pan  and  Johnstone,  1983).  Furthermore,  insulin 
receptors  also  are  enriched  in  younger  erythrocytes  and  are 
lost  during  in  vivo  aging  of  erythrocytes  (Eng  et  al.,  1980; 
Dons  et  al.,  1981).  It  therefore  is  likely  that  the  6,000  clathrin 
triskelions  of  a  mature  erythrocyte  are  remnants  from  a  more 
active  period  in  erythrocyte  development.  Assembly  of  these 
triskelions  into  coated  vesicles  may  be  unfavored  since  eryth¬ 
rocytes  contain  large  amounts  of  the  uncoating  protein.  An 
activity  of  residual  clathrin  in  maintenance  level  endocytosis 
of  receptors  for  transferrin,  insulin,  and  possibly  other  ligands 
cannot  be  excluded  at  this  point,  however. 

The  erythrocyte  uncoating  protein  is  present  at  250,000 
copies/cell  or  40-fold  excess  over  clathrin  and  is  a  significant 
component  of  erythrocyte  cytosol.  The  uncoating  protein  in 
brain,  in  contrast,  is  present  in  approximately  equivalent 
amounts  to  clathrin  triskelions  (Schlossman  et  al.,  1984).  The 
large  excess  of  erythrocyte  uncoating  protein  over  clathrin 
could  be  explained  by  different  rates  of  degradation  of  these 
proteins.  Another  possibility  is  that  the  uncoating  protein  has 
additional  functions  besides  disassembly  of  clathrin  coats.  For 
example,  the  uricoating  protein  could  be  involved  in  the 
dramatic  loss  of  transferrin  receptors  from  reticulocytes. 
These  receptors  are  spontaneously  shed  from  erythrocytes  in 
vesicles  containing  the  transferrin  receptor  and  an  unidenti¬ 
fied  polypeptide  of  M,  =  72,000  (Pan  and  Johnstone,  1983). 
It  will  be  important  to  determine  if  the  M,  =  72,000  polypep¬ 
tide  in  receptor-containing  vesicles  is  the  uncoating  protein 
and  if  the  uncoating  protein  can  associate  directly  with  the 
transferrin  receptor.  It  also  will  be  of  interest  to  determine 
when  in  erythrocyte  development  the  uncoating  protein  is 
synthesized  and  if  its  synthesis  correlates  with  the  loss  of 
transferrin  receptors. 

The  presence  in  erythrocytes  of  clathrin  and  at  least  one 
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protein  known  to  interact  with  clathrin  suggests  that  other 
components  of  the  coated  vesicle  may  also  be  found  in  these 
cells.  Likely  candidates  would  be  polypeptides  of  M,  =  100,000 
and  110,000  that  may  be  involved  in  linkage  of  clathrin  to 
vesicle  membranes  in  brain  (Unanue  et  al.,  1981)  and  in 
assembly  of  clathrin  into  cages  (Zaremba  and  Keene,  1983). 
If  these  proteins,  or  at  least  their  membrane-binding  sites, 
are  in  erythrocytes,  it  should  be  possible  to  elucidate  in  this 
simple  system  how  clathrin  interacts  with  integral  membrane 
proteins  such  as  receptors.  Clathrin  does  not  bind  to  inside- 
out  vesicles  from  erythrocytes  (Unanue  et  al.,  1981),  although 
this  negative  result  could  be  explained  by  extraction  of  clath- 
rin-binding  protein(s)  during  preparation  of  vesicles.  The 
uncoating  protein  in  brain  is  present  in  washed  membranes 
as  well  as  cytosol  (Fig.  7)  and  may  interact  with  membrane 
sites,  in  addition  to  clathrin,  that  can  be  identified  and  studied 
in  erythrocytes.  It  is  of  interest  in  this  regard  that  some  of 
the  erythrocyte  uncoating  protein  remains  associated  with 
washed  erythrocyte  ghosts  (not  shown). 
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A  new  protein  that  binds  calmodulin  has  been  iden¬ 
tified  and  purified  to  >95%  homogeneity  from  the  Tri¬ 
ton  X- 100-insoluble  residue  of  human  erythrocyte 
ghost  membranes  (cytoskeletons)  by  DEAE  chromatog¬ 
raphy  and  preparative  rate  zonal  sucrose  gradient 
sedimentation.  This  ghost  calmodulin-binding  protein 
is  an  a/0  heterodimer  with  subunits  of  M,  =  103,000 
(a)  and  97,000  (0).  The  protein  exhibits  a  Stokes  radius 
of  6.9  nm  and  a  sedimentation  coefficient  of  6.8  S, 
corresponding  to  a  molecular  weight  of  197,000.  More¬ 
over,  the  protein  is  cross-linked  by  Cu2*7phenanthro- 
line  to  a  dimer  of  Mr  —  200,000.  The  M,  =  97,000  0 
subunit  was  identified  as  the  calmodulin-binding  site 
by  photoaffinity  labeling  with  126I-azidocalmodulin.  A 
230  nM  affinity  for  calmodulin  was  estimated  by  dis¬ 
placement  of  two  different  concentrations  of  the  ,25I- 
azidocalmodulin  with  unmodified  calmodulin  and  sub¬ 
sequent  Dixon  plot  analysis.  This  calmodulin-binding 
protein  is  present  in  erythrocytes  at  30,000  copies/cell 
and  is  associated  exclusively  with  the  membrane.  It  is 
tightly  bound  to  a  site  on  red  cell  cytoskeletons  and  is 
totally  solubilized  in  the  low  ionic  strength  extract 
derived  from  red  cell  ghost  membranes.  Visualization 
of  this  calmodulin-binding  protein  in  the  electron  mi¬ 
croscope  by  rotary  shadowing,  negative  staining,  and 
unidirectional  shadowing  indicates  that  it  is  a  flattened 
circular  molecule  with  a  12.4-nm  diameter  and  a  5.4- 
nm  height.  Affinity-purified  antibodies  against  the  cal¬ 
modulin-binding  protein  identify  a  cross- reacting  M r 
=  100,000  polypeptide(s)  in  brain  membranes. 


The  erythrocyte  membrane  has  provided  a  simplified  sys¬ 
tem  for  study  of  the  function  and  structure  of  cell  membranes. 
The  result  of  experiments  in  the  last  15  years  has  been 
elucidation  of  a  structural  organization  of  the  erythrocyte 
membrane  in  which  the  lipid  bilaver  is  supported  on  its 
cytoplasmic  surface  by  an  anastomosing  network  of  structural 
proteins  that  has  often  been  referred  to  as  the  cell's  membrane 
skeleton  or  “cvtoskeleton."  The  membrane  skeleton  is  linked 
to  the  bilaver  via  a  complex  between  the  integral  membrane 
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protein  band  3'  and  the  membrane  linkage  protein,  ankvrin 
(for  review  see  Cohen,  1983;  Goodman  and  Schiffer,  1983; 
Bennett,  1985).  This  membrane  skeleton  can  be  isolated 
intact  as  an  insoluble  residue  following  extraction  of  the 
membrane's  lipids  and  integral  proteins  with  nonionic  deter¬ 
gents  (Yu  et  at.,  1973)  and  is  composed  principally  of  spectrin, 
band  4.1,'  actin,  ankvrin,  and  a  number  of  other  less  abundant 
associated  polypeptides  that  have  remained  uncharacterized. 
With  the  discovery  of  analogues  of  spectrin  (Glennev  et  al., 
1982a,  1982b;  Bennett  el  al.,  1982),  ankvrin  (Davis  and  Ben¬ 
nett,  1984),  and  band  4.1  (Cohen  et  al..  1982;  Granger  and 
Lazarides,  1984;  Goodman  et  al.,  1984;  Baines  and  Bennett, 
1985)  in  brain  and  other  tissues,  the  structure  of  the  red  cell 
membrane  skeleton  has  gained  increased  relevance  for  the 
study  of  the  molecular  organization  of  the  cytoskeletons  of 
more  complex  cells. 

In  spite  of  the  advances  described  above,  knowledge  of  the 
structural  organization  of  the  red  cell  membrane  remains 
incomplete.  New  proteins  of  the  erythrocyte  membrane  and 
membrane  skeleton  have  been  identified  and  characterized, 
such  as  ervthroid  forms  of  myosin  and  tropomyosin  (Fowler 
and  Bennett,  1984;  Fowler  et  al.,  1985)  and  band  4.9, ‘  an 
erythrocyte  membrane  associated  protein  that  bundles  actin 
(Siegel  and  Branton,  1985).  Other  unanswered  questions  cen¬ 
ter  on  the  dynamic  state  of  the  red  cell  membrane.  Red  cells 
undergo  distinct  shape  changes  upon  ATP  depletion  and 
elevation  of  intracellular  calcium  (Weed  et  al.,  1969).  Isolated 
red  cell  membranes  have  also  been  shown  to  undergo  analo¬ 
gous  shape  changes  modulated  by  ATP  and  calcium  (Sheetz 
and  Singer,  1977;  Quist,  1980).  These  phenomena  suggest  that 
the  structural  organization  of  the  membrane  is  subject  to 
regulation.  Thus,  it  is  of  considerable  interest  that  calmodulin, 
the  calcium -activated  regulatory  protein  (for  review  see 
Cheung,  1980).  binds  to  uncharacterized  membrane-associ¬ 
ated  proteins  in  erythrocytes  distinct  from  spectrin  or  the 
CaM‘-activated  (Ca'~  +  Mg^i-ATPase  (Agre  et  al,  1983). 

We  describe  here  the  identification  and  purification,  in 
milligram  quantities,  of  a  new  membrane-associated  protein 
from  red  cells  that  binds  calmodulin  with  a  Kd  of  230  nM. 
This  ghost  calmodulin -binding  protein  is  characterized  in 
terms  of  its  physical  properties,  interaction  with  calmodulin, 
and  its  molecular  dimensions  determined  by  electron  micros¬ 
copy.  In  addition,  immunological  evidence  is  presented  for  the 
existence  of  an  analogous  protein  in  brain. 


1  After  the  nomenclature  for  erythrocyte  membrane  proteins  de¬ 
scribed  by  Steck  (1974). 

■  The  abbreviations  used  are:  CaM.  calmodulin;  SDS.  sodium  do- 
decvl  sulfate;  PMSF,  phenylmethylsulfonyl  fluoride:  NaEGTA.  eth¬ 
ylene  glycol  bis(d-aminoethyi  ether)-A'.A.AT'.A”-tetraacetic  acid  so¬ 
dium  salt:  HEPES.  4-(2-hydroxyethyli-l-piperazineethanesulfonic 
acid:  DTT.  dithiothreitol. 
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EXPERIMENTAL  PROCEDURES 

Materials — Carrier  free  Na'“I  was  purchased  from  Amersham 
Corp  IK1-Bolton  Hunter  obtained  was  from  1CN.  Plastic  thin  layer 
sheets  coated  with  0.1  mm  of  cellulose  were  from  Merck.  DEAE-53 
cellulose  was  from  Whatman.  Diisopropvlfluorophosphate.  leupeptin, 
Trizma  (Tris  base),  pepstatin  A,  F’MSF,  DTT,  EGTA,  HEPES, 
Triton  X-100,  and  1.10-phenanthroline  were  purchased  from  Sigma. 
Polyethylene  glycol  8000  was  from  Fisher.  Dextran  T-500.  Sepharose 
4B,  cyanogen  bromide-activated  Sepharose  4B,  Protein  A.  Protein  A- 
Sepharose,  Sephacrvl  S-400,  and  phenvl-Sepharose  CL-4B  were  from 
Pharmacia.  Leuko-Pak  Leukocyte  Filters  were  from  Fenwal  Labora¬ 
tories.  Nitrocellulose  paper  and  electrophoresis  reagents  were  from 
Bio-Rad.  Sucrose  and  urea  were  from  Schwarz/Mann.  a-Chvmotryp- 
sin  (54  units/mg)  was  from  Worthington.  400-Mesh  copper  grids  were 
from  Ernest  F.  Fullam,  Inc.,  and  Formvar-coated  200-mesh  copper 
grids  were  from  Ted  Pella  Inc.  A'-Hydroxysuccinimidvl  4-azidoben- 
zoate  was  from  Pierce.  Protein  sedimentation  and  molecular  weight 
standards  were  from  Boehringer  Mannheim.  Calmodulin  was  purified 
from  frozen  porcine  brain  by  phenyl -Sepharose  chromatography, 
according  to  Gopalakrishna  and  Anderson  (1982),  followed  by  high 
performance  liquid  chromatography  on  a  Pharmacia  Mono  Q  anion 
exchange  column.  Frozen  porcine  brains  were  obtained  from  Pel- 
Freeze.  Human  donor  blood  (4  units  of  whole  blood)  was  obtained 
from  a  local  community  blood  bank  and  processed  within  48  h  of 
drawing. 

Methods — Protein  determinations  were  performed  by  the  proce¬ 
dure  of  Lowry  et  at.  (1951)  or  Bradford  (1976)  with  bovine  serum 
albumin  as  a  standard.  SDS-polvacrylamide  electrophoresis  was  per¬ 
formed  with  the  buffers  of  Fairbanks  et  at  (1971),  on  1.5-mm  thick, 

3.5- 17%  exponential  gradient  slab  gels  in  0.2%  (w/v)  SDS.  Molecular- 
weights  were  estimated  from  curves  in  which  erythrocyte  membrane 
proteins  were  used  as  standards  (Bennett  and  Stenbuck,  1980).  In 
experiments  that  required  the  fractionation  of  large  (100-mD  sample 
volumes,  SDS-polvacrylamide  electrophoresis  was  carried  out  in  0.2% 
(w/v)  SDS  with  the  buffers  of  Laemmli  ( 1970),  on  1.5-mm  thick  7.5% 
slab  gels  and  a  2.5-cm  5%  stacking  gel.  Proteins  were  radioiodinated 
with  Na12G  using  chloramine-T  as  an  oxidant  (Hunter  and  Green¬ 
wood.  1962).  Calmodulin  was  iodinated  with  Bolton-Hunter  reagent 
(Bolton  and  Hunter,  1973)  as  previously  described  (Agre  et  at.,  1983). 
Autoradiography  was  performed  at  -100  ”C  with  either  dried  poly¬ 
acrylamide  gels  or  nitrocellulose  on  X-Omat  AR  film  (Kodak)  and 
Cronex  intensifier  screens  (DuPont). 

Membrane  Preparat ion— Erythrocytes  were  isolated  essentially  as 
described  by  Bennett  (1983)  from  4  units  of  donor  whole  blood  by 
sedimentation  at  1  x  g  in  5  volumes  of  150  mM  NaCl,  5  mM  sodium 
phosphate,  pH  7.5.  0.75%  (w/v)  Dextran  T-500  (Bovam,  1968).  and 
passage  over  a  Leuko-Pak  leukocyte  filter.  This  procedure  yielded  a 
suspension  of  erythrocytes  virtually  free  of  contamination  with  any 
other  cell  type.  The  cells  were  then  washed  3  times  with  5  volumes 
of  10  mM  sodium  phosphate,  pH  7.5,  150  mM  NaCl  at  4  *C  in  10 
volumes  (7  liters )  of  7.5  mM  sodium  phosphate.  1  mM  NaEGTA,  1 
mM  DTT,  and  0.01  %  (v/v)  diisopropylfluorophosphatase.  The  mem¬ 
branes  were  harvested  and  washed  in  the  same  buffer  according  to 
the  procedure  of  Gietzen  and  Kolandt  (1982)  by  filtration  through  a 
Millipore  Pellicon  Cassette  system  equipped  with  a  Durapore  filler 

10.5- am  pore  size).  The  washed  ghost  membranes  were  pre-extracted 
by  the  addition  of  NaCl  to  a  final  concentration  of  50  mM  and 
collected  by  sedimentation  at  18.000  x  g  for  40  min  at  4  "C. 

Triton  X-100-extracted  ghost  membranes  were  prepared  essen¬ 
tially  by  the  procedure  of  Bennett  and  Stenbuck  (1980).  The  mem¬ 
branes  isolated  as  described  above  were  incubated  15  min  at  4  T  in 
10  volumes  of  10  mM  sodium  phosphate,  100  mM  NaCl.  1  mM 
NaEDTA.  0.5%  Triton  X-100.  200  Mg/ml  PMSF,  4  ng.'ml  pepstatin 
A.  4  ag/ml  leupeptin.  pH  7.5.  and  the  extracted  membranes  were 
collected  by  centrifugation  at  18,000  x  g  for  40  min  at  4  'C.  The 
supernatant  was  discarded,  and  the  pelleted  membranes  were  resus¬ 
pended  and  washed  a  second  time  in  the  same  buffer  followed  by  3 
more  washes  in  the  same  buffer  minus  Triton  X-100. 

Antibodies  against  the  ghost  calmodulin-bir.aing  protein  were  pre¬ 
pared  as  described  (Davis  and  Bennett,  1983),  except  that  antibody 
was  eluted  with  0.2  M  glycine  HC1,  pH  2.3,  instead  of  with  1  M  acetic 
acid,  pH  3.0.  Purified  calmodulin -binding  protein  was  further  frac¬ 
tionated  for  immunization  by  SDS-polvacrylamide  electrophoresis. 
Both  polypeptides  \M,  *  103.000  and  97.000)  were  excised,  and  the 
acrvlamide/protein  mixture  (0.4  mg  of  protein)  was  injected  into  each 
rabbit  as  described  (Bennett  and  Davis.  1982 » .  Specific  antibodies 


against  the  calmodulin-bindiug  protein  were  prepared  using  calmod- 
ulin-binding  protein  cross-linked  to  Sepharose  4B  (0.5  mg/mll  as  an 
immunoadsorbent .  Nonimmune  antibody  was  isolated  from  the 
pooled  serum  of  naive  rabbits  according  to  the  same  procedure  using 
Protein  A-Sepharose  4B  (Davis  and  Bennett.  1983).  lmmunoblot 
analysis  of  proteins  transferred  electrophoretically  from  SDS-poly- 
acrvlamide  gels  to  nitrocellulose  paper  was  performed  as  descrilied 
(Bennett  and  Davis,  1981). 

Preparation  of  Azidocalmodulm  Photoaffinity  Label  The  photoaf- 
fmity  label  for  calmodulin-binding  proteins  was  prepared  by  a  modi 
fication  of  the  procedure  of  Andreasen  et  at  (1981 1  with  the  photoaf¬ 
finity  cross-linker  /V-hydroxysuccinimidyl  4-azidobenzoate  (Goewert 
et  at,  1982)  instead  of  methyl  4-azidobenzimidate.  In  short,  10  gl  of 
a  5.0  mg/ml  solution  of  N-hvdroxysuccinimidy!  4-azidobenzoate  dis¬ 
solved  in  dimethyl  sulfoxide  was  added  to  110  al  of  ’“l- labeled 
calmodulin  (84.000-1 14,000  cpm/pmol  at  a  final  concentration  of  0.35 
mg/ml  in  10  mM  sodium  phosphate,  50  gM  CaCL,  pH  8.1,  prepared 
as  indicated  above)  and  incubated  90  min  in  l he  dark  at  4  °C.  The 
solution  was  then  diluted  by  the  addition  of  300  gl  of  10  mM  sodium 
phosphate,  50  gM  CaClj,  pH  7.5,  and  dialyzed  overnight  against  the 
same  buffer  in  the  dark  at  4  ”C.  This  procedure  yields  a  preparation 
of  ‘“I-labeied-azidocalmodulin  at  a  5  gM  final  concentration. 

Electron  Microscopy — Magnification  was  calibrated  bv  use  of  the 
spacing  of  21,600  lines/cm  test  grids  (Ernest  Fullam  Inc.)  and  the 

39.5-nm  spacing  (Cohen  and  Longlev,  1966)  of  vertebrate  skeletal 
muscle  tropomyosin  paracrystals  (a  gift  from  Dr.  T.  D.  Pollard, 
Department  of  Cellular  Biology  and  Anatomy,  Johns  Hopkins  School 
of  Medicine).  Cross-calibration  with  each  method  differed  by  less 
than  1%. 

Negative  staining  was  performed  on  Formvar-coated  400-mesh 
grids  with  0.75%  uranvl  formate  according  to  the  procedure  of  Aebi 
et  aL  (1981).  For  shadowed  specimens,  protein  was  suspended  at 
approximately  10  gg/ml  in  0.1  M  ammonium  formate,  30%  glycerol 
(Shotton  et  aL,  1979)  sprayed  onto  freshly  cleaved  mica  sheets,  and 
piatinum/carbon  shadowed  in  a  Polaron  P650A  Vacuum  Coater  evac¬ 
uated  to  1-2  x  10-7  torr.  Rotary  shadowed  preparations  were  shad¬ 
owed  at  an  angle  of  6‘  and  unidirectional  shadowing  was  done  at  10‘ . 
Molecular  dimensions  were  measured  from  prints  at  magnifications 
of  either  x  313,000  or  x  152,000  with  an  ocular  micrometer  graduated 
at  0.1  mm.  Molecular  heights  were  determined  from  the  shadow- 
lengths  of  unidirectionally  shadowed  specimens  according  to  the 
following  equation: 

H  =  Lx  tan(o)/Af. 

Where  H  =  height  in  nanometers,  L  =  length  of  shadow  in  centime¬ 
ters,  (o)  =  angle  of  shadowing  (10“),  and  M  =  magnification.  Meas¬ 
urements  were  made  of  unidirectionally  shadowed  fields  in  which 
horse  spleen  ferritin  (height  =  12.1  nn..  Duong  et  at,  1985;  Fischbach 
and  Anderegg.  1965)  was  included  as  an  internal  standard. 

Physical  Properties — Sedimentation  coefficients  were  estimated  by 
rate-zonal  sedimentation  on  5-20%  sucrose  gradients  dissolved  in  10 
mM  HEPES,  100  mM  NaCl.  0.25  mM  NaEGTA.  1.0  mM  DTT.  pH 
7.3.  in  a  SW  50.1  rotor  (Martin  and  Ames,  1961)  with  standards  of 
human  erythrocyte  spectrin  dimer  (8.4  sMJi).  rabbit  muscle  aldolase 
(7.3  sKm).  bovine  serum  albunfn  (4.6  su,,),  and  cytochrome  c  (1.75 
sjoj,).  The  Stokes  radius  (R,)  w  s  estimated  by  gel  filtration  on  a 
Sephacrvl  S-400  column  (0.9  x  60  cm  l  equilibrated  in  10  mM  HEPES. 
100  mM  NaCl.  0.25  mM  NaEGTA,  1.0  mM  DTT,  pH  7.3.  and  cali¬ 
brated  with  standard  proteins  tf  human  erythrocyte  spectrin  dimer 
tR.  <=  12.3  nm),  Escherichia  coli  S-gaiactosidase  (R,  =  6.8  nm).  bovine 
liver  catalase  (R,  =  5.2  nm).  and  ovalbumin  (R,  =  2.84  nm).  The 
Stokes  radius  was  estimated  from  a  standard  curve  of  K„  versus  R, 
as  described  by  Siegel  and  Monty  <  1966'.  with  K„  determined  as 
defined  by  Laurent  and  Killander  (19641.  Amino  acid  analysis  was 
performed  on  a  Durrum  D-500  instrument  by  Dr.  Joel  Shaper.  De¬ 
partment  of  Oncology,  Johns  Hopkins  School  of  Medicine.  Samples 
of  protein  (100-120  gg)  were  hydrolyzed  for  24  h  at  110  "C  in  constant 
boiling  HC1  (Pierce  Chemical  Co.)  with  phenol. 

RESULTS 

Purification  and  Properties  of  the  Ghost  Calmodulin-binding 
Protein — Following  the  initial  report  that  identified  calmod¬ 
ulin-binding  proteins,  distinct  from  spectrin,  in  the  low  salt 
extract  of  red  cel)  ghosts  (Agre  et  at,  1983).  initial  attempts 
to  isolate  these  proteins  by  calmodulin  affinity  chromntogra- 
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Fit;.  1  Purification  of  human  erythrocyte  ghost  calmodu¬ 
lin-binding  M,  =  103,000  and  h7.UO<>  polypeptides  by  DEAE- 
chromatographv  and  preparative  rate-zonal  sedimentation  on 
sucrose  gradients.  The  erythrocyte  calmodulin -binding  M,  = 
103,000  and  97.000  polypeptide?  were  solubilized  from  Triton  X-100- 
extracted  ghost  membranes  (prepared  as  described  under  “Experi¬ 
mental  Procedures" i  by  resuspension  in  1  ghost  volume  (680  mil  of 
1.0  M  NaCl.  1  mM  NaEDTA.  10  mM  sodium  phosphate.  1  mM  DTT. 
200  Hg/ml  PMSF.  4  wg/ml  pepstatin.  and  4  ug/ml  leupeptin.  pH  7.5. 
After  a  30-min  incubation  at  4  ‘C.  the  suspension  was  centrifuged  for 
45  min  at  40.000  rpm  in  a  45  Ti  rotor  at  4  °C.  The  supernatant  was 
collected  and  dialyzed  overnight  against  20  liters  of  10  mM  sodium 
phosphate.  50  mM  NaCl,  0.25  mM  NaEGTA.  and  1  mM  DTT.  pH  7.5. 
After  dialysis,  the  supernatant  was  loaded  onto  a  12-ml  DE53-cellu- 
lose  column  that  had  been  equilibrated  in  the  same  buffer.  The 
column  was  washed  with  30  ml  of  the  equilioration  buffer  at  100  mM 
NaCl  and  then  eluted  with  60  ml  of  the  same  buffer  at  160  mM  NaCl 
followed  bv  a  Final  elution  with  60  ml  of  the  buffer  at  300  mM  NaCl. 
3.0-ml  fractions  were  collected  (see  panel  A).  Fractions  13-16  from 
the  160  mM  NaCl  elution  were  pooled  and  concentrated  to  3.5  ml 
against  polyethylene  glycol  8000  flakes  and  layered  onto  a  30-ml 
linear  5-207?  sucrose  gradient  dissolved  in  10  mM  HEPES,  100  mM 
NaCl.  0.25  mM  NaEGTA.  and  1  mM  DTT.  pH  7.5.  The  gradient  w-as 


Taki.k  1 

Summary  u /  purification  of  erythrocyte  membrane-associated 
calmodulin -bindinp  M,  =  103.001)  and  97. OOP  polypeptides 


Fraction 

Protein 

1  ■  Prut^m  as 
calmodulin- 
binding  pro¬ 
tein0 

Purifi- 
cat  ion 

Yield 

(I  hosts 

mr 

2442 

1.0 

■fold 

Triton  X-100-extracted 

1.438 

2.8 

2.8 

1(K) 

ghosts 

1  M  NaCl  pellet 

950 

2.4 

57 

1  M  NaCl  supernatanl 

138 

7.9 

7.9 

27 

DEAE-52  150  mM  NaCl 

5.9 

83.0 

83.0 

12 

elution 

5-207?  sucrose  gradient 

3.3 

96.5 

96.5 

8 

peak 

°  Calculated  from  densitometer  scans  of  SDS  gels  stained  with 
Coomassie  Blue  (Fig.  1)  and  based  on  the  total  amount  of  protein 
present  as  bands  with  M,  =  103,000,  97.000,  74.000,  62.000,  and 
54,000. 

phv  revealed  two  major  calmodulin-binding  polypeptides  of 
M,  =  103,000  (a)  and  97,000  it II.  These  peptides  are  also 
present  in  a  0.5  M  NaCl  extract  of  ghost  membranes  (data 
not  shown)  as  well  as  the  1.0  M  NaCl  extract  of  the  Triton 
X-100-insoluble  residue  of  ghost  membranes  or  cvtoskeleton. 
Of  the  three  extracts,  the  high  salt  extract  of  the  cvtoskeletons 
showed  the  least  amount  of  degradation;  therefore,  this  ex¬ 
tract  was  used  as  the  starting  material  for  the  purification  of 
the  M,  =  103,000  and  97,000  calmodulin-binding  polypeptides. 
The  1  M  NaCl  extract  of  cvtoskeletons,  in  which  ankvrin 
accounts  for  80%  of  the  protein  (Bennett  and  Stenbuck,  1980), 
is  8-fold  enriched  over  ghost  membranes  in  the  M,  =  103.000 
and  97,000  polypeptides  (see  Table  1).  The  M,  =  103,000  and 
97,000  polypeptides  were  purified  by  DE53-cellulose  chroma¬ 
tography  and  preparative  rate-zonal  sucrose  gradient  sedi¬ 
mentation  (Fig.  1).  The  160  mM  elution  step  of  the  DE53 
chromatography  yields  a  highly  enriched  preparation  that 
contains  the  M,  =  103.000  and  97,000  polypeptides  at  greater 
than  70%  of  the  total  protein  and.  in  addition,  some  minor 
polypeptides  of  M,  =  74.000.  62,000,  54,000.  48,000.  and 
43,000.  Preparative  rate-zonal  sucrose  gradient  sedimentation 
yields  3-5  mg  of  a  highly  homogeneous  preparation  of  the  M, 
=  103,000  (a)  and  97.000  (d)  subunits  in  a  0.8  ta/d)5  stoichi¬ 
ometry  with  trace  amounts  of  the  M,  =  74.000.  62.000,  and 
54,000  polypeptides  (see  Fig.  1,  panel  C ).  The  purification  can 
be  completed  within  60  h  of  the  initial  lvsis  of  the  red  cells 
with  a  final  yield  of  8%  (Table  I). 

The  M,  =  103,000  and  97.000  subunits  are  distinct  polypep- 

3  This  stoichiometry  (0.8)  is  lower  than  the  expected  ratio  of  1.0 
due  to  disproportionate  degradation  of  CaM-BPioa.n:.  This  value 
decreases  in  more  degraded  preparations  of  CaM-BP,03/9-  thus  indi¬ 
cating  that  the  a  subunit  is  more  susceptible  to  proteolysis. 


centrifuged  10.5  h  at  38.000  rpm  in  a  Beckman  YTi  50  rotor  at  4  °C 
and  1.25-ml  fractions  were  collected  from  the  bottom  of  the  tube  (see 
panel  B).  Samples  from  each  step  in  the  purification  procedure  were 
analyzed  by  SDS  electrophoresis  (see  “Experimental  Procedures"! 
and  stained  with  Coomassie  Blue:  ghost  membranes.  25  u g  of  protein 
(lane  ll:  Triton  X-100-extracted  ghosts.  15  Mg  of  protein  llane  2): 
Triton  X-100-extracted  ghosts  after  1  M  NaCl  extraction.  15  Mg  of 
protein  llane  3 1;  protein  solubilized  from  Triton-extracted  ghosts  and 
loaded  onto  DE52  column.  2  Mg  of  protein  llane  4):  160  mM  NaCl 
elution  from  the  DE52  chromatography.  5  Mg  of  protein  llane  5); 
pooled  fractions  8-15  from  the  sucrose  gradient.  8  Mg  of  protein  llane 
61:  300  mM  NaCl  elution  from  the  DE52  chromatography.  12  Mg  of 
protein  (lane  7).  The  asterisk  indicates  proteolytically  derived  poly¬ 
peptides  (see  Fig.  2)  of  M,  —  74.000.  62.000.  and  54.000. 
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tides  that  are  not  proteolvticallv  derived  from  one  another. 
This  is  demonstrated  by  their  distinct  chymotryptic  finger¬ 
prints  (see  Fig.  2).  The  three  minor  polypeptides  are  proteo¬ 
lytic  fragments  of  the  M,  =  103,000  <«)  and  97, 000  (0)  sub¬ 
units.  As  is  shown  by  the  fingerprints  of  these  three  minor 
polypeptides,  the  M,  =  74.000  polvpeptide  is  derived  from  the 
M,  =  103, 000  <>  subunit,  whereas  the  M,  =  62,000  and  54.000 
polypeptides  are  derived  from  the  M,  =  97,000  d  subunit. 

All  three  of  the  proteolvtic  fragments  of  M,  =  74,000, 62,000, 
and  54,000  appear  to  migrate  intact  with  the  parent  molecule 
via  noncovalent  associations  since  they  continued  to  copurifv 
with  the  M,  =  103,000  and  97,000  subunits  at  equal  stoichi¬ 
ometries  under  several  dissociating  conditions  (results  not 
shown)  which  include:  1)  gel  filtration  in  1  M  NaCl;  2)  hydrox- 
ylapatite  chromatography  in  1  M  N'aBr;  3)  sucrose  gradient 
sedimentation  in  0.5  M  or  1  M  N’aBr;  and  4)  native  versus 
SDS-denatured  two-dimensional  polyacrylamide  electropho¬ 
resis. 

Although  the  Mr  =  103.000  and  97,000  subunits  have  clearly 
different  peptide  maps,  a  composite  map  of  a  mixture  of  the 
two  polypeptides  (see  Fig.  2,  panel  C )  indicates  that  30%  of 
the  major  spots  are  common  to  both  subunits  (7  out  of  21 
peptides).  The  total  number  of  spots  held  in  common  and  the 
fact  that  they  represent  major  peptides  in  each  map  rules  out 
the  possibility  that  the  overlap  of  the  two  maps  is  due  to  the 
contamination  of  the  M,  =  97,000  band  with  degradation 
products  of  the  M,  =  103,000  and  suggests  that  the  a  and  d 
subunits  share  a  sequence  homology  of  at  least  30%.  For 
convenience,  this  protein  hence  will  be  referred  to  as  CaM- 
BP i,j.i/9T  in  recognition  of  its  subunit  composition  (see  Fig.  1) 
and  ability  to  bind  calmodulin  (see  Figs.  6-8). 

CaM-BP, <,3/97  is  highly  sensitive  to  proteolysis  which  may 
be  due  to  exogenous  proteases  contributed  by  the  lysosomal 
enzymes  of  nonerythrocvte  cells  or  the  endogenous  protease 
activity  of  the  erythrocyte,  such  as  tne  Ca2“-activated  calpains 
of  the  cytosol  (Murakami  et  al,  1981)  or  the  membrane- 


Electrophorests  — * 

Fir,.  2.  Two-dimensional  peptide  map  analysis  of  the  M,  — 
103.000.  97,000,  74.000,  62,000,  and  54.000  polypeptides 
of  the  ghost  calmodulin-binding  protein.  The  ghost  calmodulin  - 
binding  polypeptides,  purified  as  described  in  Fig.  1.  were  '“I-labeled 
with  1  mCi  of  Na'“l  by  oxidation  with  chloramine-T  (see  “Experi¬ 
mental  Procedures").  The  labeled  protein  was  fractionated  by  SDS- 
polyacrylamide  electrophoresis,  stained  with  Coomassie  Blue,  and  the 
polypeptides  of  M,  =  103,000,  97.000.  74.000.  62.000.  and  54.000  (see 
Fig.  1.  lane  6)  were  excised  The  slices  were  digested  with  «-chvmo- 
trypsin  and  peptide  maps  were  prepared  as  described  (Davis  and 
Bennett.  19821:  M,  -  103.000  d  subunit  ( panel  Al:  M,  -  74.000 
polypeptide  ( panel  B):  M,  =  97.000  o  subunit  ( panel  Dr.  M,  =  62.000 
polypeptide  ( panel  E):  M,  =  54.000  polypeptide  ( panel  Ft:  a  composite 
representation  of  a  mixture  of  the  a  and  d  subunits,  darkened  spots 
represent  the  peptides  derived  from  the  o  subunit,  blank  spots  repre¬ 
sent  the  peptides  derived  from  the  d  subunit,  and  the  stippled  spots 
represent  peptides  common  to  both  the  o  and  d  subunits  ( panel  C). 


associated  acid  proteinases  (Yamamoto  and  Marchesi,  1984). 
Preparations  of  CaM-BP,„:i,S7  purified  in  the  absence  of  pro¬ 
tease  inhibitors  or  in  steps  that  involve  the  addition  of  calcium 
are  heavily  degraded  to  the  proteolytic  fragments  described 
above.  For  this  reason,  removal  of  the  nonerythrocyte  cells  bv 
dextran  sedimentation  and  Leuko-Pak  filtration  and  the  in¬ 
clusion  of  protease  inhibitors  such  as  diisopropylfluorophos- 
phatase,  PMSF,  leupeptin,  and  pepstatin  are  essential  pro¬ 
cedures  in  the  purification  of  the  protein.  CaM-BP  1  «.'4/97  ♦  pu¬ 
rified  as  described  in  Fig.  1,  can  be  stored  on  ice  for  up  to  3 
weeks  with  little  degradation  and,  if  stored  at  —20  °C,  will 
remain  intact  for  up  to  2  months. 

CaM-BPiori/s?  can  be  cross-linked  to  a  complex  of  M,  = 
200,000  by  spontaneous  or  copper  1,10-phenanthroline-in- 
duced  oxidation.  Fig.  3  demonstrates  that  a  major  M,  = 
200.000  complex  as  well  as  some  minor  higher  molecular 
weight  complexes  can  be  generated  by  increasing  concentra¬ 
tion  of  copper-saturated  1,10-phenanthroiine.  These  com¬ 
plexes  are  visible  by  both  Coomassie  staining  and  immunoblot 
analysis  (see  Fig.  3).  This  result  indicates  that  CaM-BP,, ,.,,97 
exists  in  solution  mainly  as  a  dimer,  although  the  production 
of  higher  molecular  weight  complexes  suggests  the  possibility 
of  higher  order  oligomer  formation.  Because  of  its  sensitivity 
to  oxidation,  it  was  necessary  to  include  reducing  agent  during 
all  stages  of  the  purification  and  storage  of  CaM-BP,ov97  and 
to  completely  remove  Triton  X-100  (which  contains  contam¬ 
inating  peroxides)  from  the  cytoskeletons  (see  “Experimental 
Procedures”). 

CaM-BP, 03/97  is  a  dimer  in  solution  as  indicated  by  its 
calculated  Mr  of  197,000  determined  from  a  Stokes  radius  (R.) 


C.  Blue  Immunoblot 


FIG.  3.  Copper/phenanthroline-induced  oxidative  cross- 
linking  of  purified  CaM-BP,os/»7.  Samples  in  lanes  3-8  contain 
purified  CaM-BP, 03/97  that  had  been  incubated  at  200  yg-'ml  in  a  50- 
nl  volume  of  5  mM  HEPES.  50  mM  NaCl.  0.5  mM  CuCb.  pH  7.3.  for 
1  h  at  24  ‘C  with  0.  10,  20,  50.  80.  or  100  uN  1.10-phenanthroline. 
The  oxidation  was  quenched  by  the  addition  of  10  u\  of  10  mg'ml 
A'-ethyimaleimide.  10  wl  of  10  mM  NaEDTA.  and  17  W1  of  5-fold 
concentrated  SDS-polyacryiamide  gel  electrophoresis  bufler  as  de¬ 
scribed  (Wang  and  Richards.  1974).  The  samples  were  then  incubated 
at  37  'C  for  30  min  and  fractionated  by  SDS-polyacryiamide  electro¬ 
phoresis.  Parallel  lanes  were  transferred  to  nitrocellulose  and  pre¬ 
pared  tor  immunoblot  analysis  with  affinity-purified  igG  (see  Fig.  4) 
as  described  (see  “Experimental  Procedures"!:  ghost  membrane  (lane 
It:  CaM-BPios/?-  fully  reduced  by  heating  to  50  *C  with  0.1  M  DTT 
in  SDS-polyacryiamide  gel  electrophoresis  buffer  prior  to  quenching 
( lane  21:  CaM-BP, 03/9-  oxidized  as  described  above  with  1.10-phen¬ 
anthroline  at  concentrations  of  0  <iM  (lane  3 1;  10  uM  ( lane  4):  20  «m 
(lane  St:  50  uM  (lane  6):  80  yM  (lane  7):  and  100  pM  (lane  8).  Asterisk 
indicates  the  Af,  =  200.000  band  formed  by  the  oxidative  cross-linking 
of  the  CaM-BP,o3/97  M,  =  103.000  and  97.000  polypeptides. 
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of  6.8  nm,  a  sedimentation  coefficient  of  6.8  and  a 

calculated  partial  specific  volume  of  0.73  cm'/g  (see  Table  II). 
CaM-BPio.v»T  >s  most  likely  a  heterodimer  rather  than  a 
mixture  of  homodimers  of  the  M,  =  103,000  and  the  M,  = 
97,000  subunit  since  (a)  both  polypeptides  are  isolated  in  a 
constant  stoichiometric  ratio  by  CaM-Sepharose  affinity 
chromatography  (see  Fig.  6)  and  the  various  fractionation 
procedures,  described  above;  (6)  '-"'I  azidocalmodulin  affinity 
labeling  only  modifies  the  M,  =  97,000  subunit  of  CaM- 
BPmt/97  (see  below,  Fig.  7)  even  though  both  the  Mr  =  103,000 
and  the  M,  =  97,000  subunits  are  quantitatively  retained  on 
CaM-Sepharose,  suggesting  that  the  M,  =  103,000  (o)  subunit 
is  retained  due  to  a  tight  noncovalent  linkage  to  the  M,  = 
97.000  (d)  subunit. 

Affinity-purified  Ig  directed  against  CaM-BP„>.,/97  was  pre¬ 
pared  from  the  immune  serum  of  rabbits  that  were  inoculated 
with  a  1:1  mixture  of  electrophoretically  purified  M,  =  103,000 
and  97,000  CaM-BP, 03/97  polypeptides  (see  “Experimental 
Procedures”).  The  characterization  of  the  purified  antibody, 
by  immunoblot  analysis  (Fig.  4),  shows  that,  in  ghosts,  the 
antibody  cross-reacts  exclusively  with  the  CaM-BPi0:i/97  poly¬ 
peptides.  This  result  demonstrates  that  the  CaM- 
BP to:t/97  polypeptides  are  not  degradation  products  of  larger 
molecular  weight  membrane  proteins.  In  addition,  the  degra¬ 
dation  products  of  M,  =  74,000,  52,000,  and  64,000  cross- 
react.  The  asterisk  (lane  3  of  the  right  panel  of  Fig.  3)  indicates 
the  cross-reacting  band  of  M,  =  200,000  formed  by  sponta¬ 
neous  oxidation  of  CaM-BP|0.v97  (see  Fig.  3). 

The  amount  of  CaM-BP,0.v97  in  intact  red  cells  and  ghost 
membranes  was  estimated  by  a  quantitative  immunoblot  pro¬ 
cedure  using  a  standard  curve  of  purified  CaM-BP«>3/97.  CaM- 
BP,,,:,^  is  present  per  cell  at  30.000  copies  with  greater  than 
959c  associated  exclusively  with  the  membrane  (see  Table 
III). 


Table  II 


Summary  o/  physical  properties  of  CaM-BPt0vr. 


Property 

Value 

Stokes  radius" 

6.9  nm 

Sedimentation  coefficient. 

6.8  S 

Partial  specific  volume,  rr 

0.73 

M,.  calculated1' 

197.000 

Extinction  coefficient.  £279 

6.24 

Frictional  ratio,  f/hf 

1.56 

A/,.  SDS  electrophoresis' 

103.000  (til 

97.000  (dl 

Subunit  stoichiometry.  In/d>* 

0.8 

“Estimated  from  gel  filtration  (see  “Experimental  procedures"). 

*  Estimated  from  sedimentation  on  5-2097  sucrose  gradients  (see 
"Experimental  Procedures"). 

“Calculated  from  the  amino  acid  composition  as  described  (Cohn 
and  Edsall.  19431. 

°  Calculated  according  to  the  following  equations  (Tanford.  1961 1: 
6:rA  R ,  S2U.U 

M,  =  — - : - 

x  —  t'vio.L 


and 

y  \  1/3 

fl'"  =  K‘  ( 3A^r  tf.  ~  bp)l 

with  an  assumed  hydration  6  of  0.4  g  of  solvent/g  of  protein  (Kuntz 
and  Kauzmann,  19141. 

'  Derived  from  standard  protein  curves  determined  by  the  methods 
of  Lowry  et  ai  ( 1951 1  and  Bradford  (1976). 

1  Estimated  from  mobility  on  SDS  gels  calibrated  as  described 
(Bennett  and  Stenbuck.  1980). 

'  Determined  by  densitometer  scans  of  SDS  gels  stained  with 
Coomassie  Blue  (Fig.  1).  The  value  reflects  the  ratio  between  the 
intact  polyp-ptides  of  M,  =  103.000  and  97.000. 
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Fig.  4.  Isolation  of  lgG  against  CaM-BP, „3»7  by  immunoad- 
sorption  with  antigen  immobilized  on  Sepharose  4B.  Ghost 
membranes  ( lane  I).  Triton  X-100-extracted  ghost  membranes  (lane 
2).  and  purified  CaM-BP,M/97  (lane  3)  were  electrophoresed  on  SDS- 
polvacrvlamide  gels  and  stained  with  Coomassie  Blue  (C.  Blue  I  I outer 
left  panel).  Three  sets  of  parallel  lanes  were  transferred  electropho¬ 
retically  to  nitrocellulose  (see  “Experimental  Procedures”)  and  incu¬ 
bated  with  either  a  1:100  dilution  of  preimmune  serum,  a  1:100 
dilution  of  immune  serum,  or  affinity-purified  anti-CaM -BP, 03/97 
antibody  (0.14  Mg/ml  protein)  prepared  as  described  (see  “Experimen¬ 
tal  Procedures").  The  asterisk  indicates  a  A/,  =  200.000  band  that 
represents  a  CaM-BP,o3/9T  heterodimer  formed  by  oxidative  cross- 
linking  of  internal  sulfhydrvl  groups  (see  Fig.  3). 


Table  Ill 

Quantitation  of  the  amount  of  CaM-BPm/?r  in  the  erythrocyte 


Sample 

Copies/cell“ 

Intact  red  cells* 

30.000 

Cvtosol* 

<1.500 

Ghost  membranes' 

33.000 

°  Determined  by  a  quantitative  immunoblot  from  a  linear  standard 
curve  of  known  concentrations  of  purified  CaM-BP, 03/97-  Duplicate 
samples  were  reproducible  within  5cc. 

b  The  number  of  intact  cells/sample  was  quantitated  by  measure¬ 
ment  in  a  hemacytometer.  Samples  of  pact  cells  were  diluted  1:15. 
Cytosol  sample  was  prepared  by  pelleting  the  membranes  from  the 
hemolvsate  of  a  1:15  dilution  of  the  pact  cells.  Equal  volumes  of  pact 
cells  and  cytosol  were  assayed. 

'  Cell  equivalents  of  ghost  membranes  were  determined  by  stand¬ 
ardizing  the  amount  of  spectrin  in  the  ghost  membranes  to  that  of 
intact  cells  by  densitometnc  scanning  of  Coomassie  Blue-stained  gels. 

Selective  Solubilization  of  CaM-BPw.u<i-:  from  the  Erythro¬ 
cyte  Membrane — Immunoblot  analysis  of  whole  cells  and 
membrane-depleted  cytosol  shows  that  CaM-BP  103 '97  is  com- 
pletely  membrane-bound  with  no  detectable  amounts  in  the 
cytosol  (Fig.  5).  Extraction  of  spectrin  and  actin  tvith  low  salt 
completely  solubilized  CaM-BPion  s-  from  the  membrane.  Less 
than  1097  of  the  CaM-BPiu.)<9-  is  solubilized  during  the  initial 
Triton  X-100  extraction  of  ghost  membranes,  and  subsequent 
extractions  with  Triton  X-100  fail  to  elute  any  additional 
cross-reactivity  (see  Fig.  5,  lanes  6-9).  Extraction  with  1  M 
NaCl  released  only  3097  of  the  CaM-BP,03/S-  from  the  mem¬ 
brane  skeletons,  while  the  remainder  of  CaM-BP, 03 '9-  remains 
tightly  bound  and  can  only  be  removed  by  conditions  that 
dissolve  the  entire  cvtoskeletal  assembly  (see  Fig.  5.  lanes  10 
and  11).  Thus,  the  major  population  of  CaM-BPm3/97  is  tightly 
linked  to  site(s)  on  the  membrane  skeleton. 

Ca2~ -dependent  Binding  of  CaM-BPwr,-  to  Calmodulin— 
Calcium-dependent  binding  of  CaM-BP,,,.,  97  to  calmodulin  is 
demonstrated  by  calmodulin-Sepharose  4B  affinity  chroma- 
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Fir..  5.  Selective  solubilization  of  CaM-BPio3/»7  from  eryth¬ 
rocyte  ghost  membranes.  Samples  were  fractionated  by  electro¬ 
phoresis  on  SDS  polyacrylamide  gradients  and  stained  with  Coomas- 
sie  Blue.  Parallel  lanes  were  transferred  electrophoretically  to  nitro¬ 
cellulose  and  prepared  for  immunoblot  analysis  (see  “Experimental 
Procedures"):  total  red  cell  lysate  ( lane  1);  100,000  x  g  membrane- 
depleted  lysate  "cytosolic  fraction”  ( lane  2);  ghost  membranes  ( lane 
3 );  spectrin -depleted  inside-out  vesicles  prepared  by  low  salt  extrac¬ 
tion  of  ghost  membranes  prepared  as  described  (Bennett,  1983)  ilanc 
4 1:  spectrin-containing  supernatant  from  the  low  salt  extraction  1  lane 
5);  Triton  X-100-extracted  ghost  membranes  (pellet  from  the  first 
extraction,  see  “Experimental  Procedures")  ( lane  6);  supernatant 
from  Triton  X-100  extraction  of  ghost  membranes  (lane  7):  pellet 
from  second  Triton  X-iOO  extraction  of  ghost  membranes  (lane  8); 
supernatant  from  the  second  Triton  X-100  extraction  of  ghost  mem¬ 
branes  ( lane  9);  pellet  from  the  1  M  NaCl  extraction  of  the  Triton  X- 
1  op-treated  ghost  membranes  Isee  “Experimental  Procedures”)  (lane 
10 1:  2  x  concentrated  supernatant  from  the  1  m  NaCl  extraction  of 
the  Triton  X-100-treated  ghost  membranes  (lane  11). 


tographv  and  photoaffinity  labeling  with  126I-azidocalmodulin. 
The  CaM-BP, (,3/97  in  the  1  m  NaCl  extract  of  the  cytoskeletons 
is  quantitatively  retained  on  a  calmodulin -Sepharose  4B  af¬ 
finity  column  in  the  presence  of  10  pM  CaCl2.  Ankyrin,  the 
major  protein  in  the  extract  loaded  on  the  affinity  column, 
was  not  adsorbed  in  the  presence  of  calcium  (Fig.  6,  lanes  2 
and  3).  When  the  column  is  washed  with  5  dim  NaEGTA,  the 
protein  eluted  is  highly  enriched  in  CaM-BP,03/97-  The  CaM 
affinity  step  results  in  a  10-fold  enrichment  in  CaM-BP,03/97 
over  the  starting  material,  based  on  densitometry  of  Coomas- 
sie  Blue-stained  gels.  In  addition  to  CaM -BP, 0.7/97,  there  are 
two  minor  bands  of  M,  =  48.000  and  43,000  and  several  other 
very  faint  high  molecular  weight  bands  present  in  the  eluted 
protein.  These  polypeptides  could  be  binding  to  the  column 
by  either  direct  association  with  calmodulin  or  via  a  complex 
with  CaM-BP10:,/97.  The  CaM-BP,03/97  in  the  eluted  material 
is  proteolvsed  due  to  the  exposure  of  the  crude  extract  to 
calcium  (see  Fig.  2).  as  indicated  bv  the  increased  amount  of 
CaM-BP  103/97  present  as  the  Afr  —  /4.000,  62,000,  and  54,000 
degradation  products  (Fig.  6.  lane  4). 

Photoaffinity  labeling  of  CaM-BP,o3/9-  with  125I-azidocal- 
modulin  results  in  the  calcium -dependent  formation  of  a  M, 
=  113.000  radioactive  band  (Fig.  7,  lane  2 1.  The  M,  =  97.000 
subunit  is  the  polypeptide  labeled  with  calmodulin,  since  the 
formation  of  a  M,  =  113.000  8  •  CaM  complex  is  accompanied 
by  depletion  of  the  M,  =  97,000  polypeptide  (Fig.  7,  right 
panel).  Moreover,  the  apparent  Mr  of  the  complex  corresponds 
to  the  sum  of  the  molecular  weights  of  calmodulin  ( M ,  = 
16.000)  and  the  8  subunit  ( M ,  =  97,000).  In  addition  to  the 
M ,  =  113,000  complex,  a  minor  radiolabeled  complex  of  M,  = 
70,000  is  detectable  only  in  the  presence  of  calcium.  This 
complex  is  the  result  of  affinity  labeling  of  the  M,  =  54.000 
polypeptide  derived  from  the  8  subunit. 

Quantitative  Displacement  of  the  l2S I -Azidocalmodulin  Pho- 
toaffinity  Label  with  Unlabeled  Calmodulin — The  125I-azido- 
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Fie.  6.  Isolation  of  the  CaM-BP)03/»7  by  affinity  chromatog¬ 
raphy  on  calmodulin-Sepharose  4B.  20  ml  of  the  1  m  NaCl  extract 
from  the  Triton  X-100-treated  ghost  membranes  (see  Fig.  1)  was 
dialyzed  overnight  against  10  mM  HEPES,  100  mM  NaCl,  0.25  mM 
NaEGTA,  1  mM  DTT,  pH  7.3  and.  following  dialysis,  CaCh  (0.25 
mM)  was  added  to  yield  a  final  free  calcium  concentration  of  10  mm. 
The  extract  was  then  loaded  at  3  ml/h  onto  a  3-ml  calmodulin- 
Sepharose  4B  column  (1  mg  of  calmodulin/ml  of  Sepharose),  washed 
with  50  volumes  of  the  loading  buffer,  and  eluted  with  the  same  buffer 
plus  5  mM  NaEGTA.  Samples  from  each  step  were  prepared  for 
electrophoresis  and  stained  with  Coomassie  Blue.  Parallel  lanes  were 
transferred  electrophoretically  onto  nitrocellulose  and  prepared  for 
immunoblot  analysis  with  affinity-purified  anti-CaM-BP, 03/97  IgG 
(see  “Experimental  Procedures”):  ghost  membranes  (lane  /);  1  M 
NaCl  extract  of  Triton  X-100-treated  ghosts  prior  to  loading  onto  the 
CaM-Sepharose  (lane  2);  protein  that  broke  through  the  CaM-Seph- 
arose  in  the  presence  of  calcium  (lane  3):  protein  eluted  from  the 
CaM-Sepharose  with  5  mM  NaEGTA  (lane  4). 

calmodulin  photoaffinity  label  was  displaced  from  purified 
CaM -BP, 03/9-  with  increasing  concentrations  of  unmodified 
calmodulin  in  the  presence  of  calcium.  Panel  A  of  Fig.  8  is  an 
autoradiograph  of  the  assay  in  which  100  nM  125I-labeled 
azido-CaM  was  displaced.  Panel  B  shows  the  competition 
curves  generated  by  the  displacement  of  l25I-azidocalmodulin 
at  100  and  500  nM  concentrations.  At  each  photoaffinitv  label 
concentration,  unlabeled  calmodulin  displaces  507c  of  the 
label  with  less  than  500  nM  calmodulin.  A  Dixon  plot  (Dixon, 
1953)  of  the  data  (inset  of  panel  B)  yields  an  estimated  K,  of 
230  nM.  This  calculated  K,  for  the  native  calmodulin  indicates 
that  CaM-BP,o3/97  binds  calmodulin  in  the  presence  of  calcium 
with  a  Kd  of  230  nM. 

Electron  Microscopic  Visualization  of  CaM-BPx0V 97 — Visu¬ 
alization  of  CaM-BP]03/97  in  the  electron  microscope  by  rotary- 
shadowing  with  platinum  shows  that  it  is  a  circular  molecule 
(Fig.  9).  CaM-BP,Q3,97  has  a  minimum  molecular  diameter  of 
12.4  nm  based  on  negatively  stained  images.  A  molecular 
height  of  5.4  nm  was  estimated  by  measuring  shadow  lengths 
of  unidirectionally  shadowed  specimens  using  ferritin  as  a 
standard.  CaM-BP,0a/9-  thus  is  a  flattened,  disc-shaped  mol¬ 
ecule  with  a  rather  high  axial  ratio  of  2.3.  This  level  of 
asymmetry  is  consistent  with  the  frictional  ratio  of  1.56 
calculated  for  the  protein  from  its  hydrodynamic  properties 
(see  Table  II).  Ferritin,  in  contrast,  is  a  spherical  protein  with 
a  molecular  diameter  (12.1  nm)  that  is  very  close  to  that  of 
CaM-BP103/97-  However,  because  ferritin  is  a  spherical  mole¬ 
cule  with  an  axial  ratio  that  is  close  to  1  and  a  molecular 
weight  that  is  twice  that  calculated  for  CaM-BP, 03-97  (Linder 
et  ai.  1981).  ferritin  would  be  expected  to  have  a  much  greater 
height.  This  is  clearly  demonstrated  in  the  unidirectionally 
shadowed  samples  of  the  last  two  panels  of  column  C  in  Fig. 
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Fir,.  7.  >2°I-Azidocalmodulin  photoaffinity  labeling  of  the  0 
subunit  of  CaM-BPios/97-  42  <ig/ml  CaM-BPioa/n?  was  incubated  1 
h  in  the  daTk  at  4  °C  in  a  100-mI  volume  of  10  mM  HEPES,  pH  7.3. 
100  mM  NaCl.  1  mM  DTT.  and  2.5  mM  NaEGTA  with  0.8  *iM  l25l- 
azidocalmodulin  in  the  absence  or  presence  of  2.5  mM  CaCl2.  At  the 
end  of  the  incubation,  the  samples  were  UV-irradiated  at  2  cm  with 
a  model  R52G  UV  lamp  (Ultraviolet  Products  Inc.).  The  100-nl 
samples  were  then  prepared  for  electrophoresis  on  a  7.571  SDS- 
polyacrvlamide  slab  gel  with  2.5-cm  57c  stacker  using  the  buffer 
system  of  Laemmli  (1970)  (see  “Experimental  Procedures").  The  gel 
was  stained  with  Coomassie  Blue,  dried  down,  and  an  autoradiograph 
was  prepared  l see  “Experimental  Procedures").  The  left  panel  shows 
the  Coomassie  Blue-stained  gel  and  the  autoradiograph:  CaM- 
BP103/97  with  ‘“I -azidocalmodulin  in  the  absence  of  calcium  ( lane  1 ): 
CaM-BPio3/9-  with  ‘“[-azidocalmodulin  in  the  presence  of  caiicum 
( lane  2).  rf-CaM  denotes  the  M,  =  113.000  complex  formed  by  the  M, 
=  97.000  ri  subunit  of  CaM-BP1M/97  cross-linked  by  the  photoaffinity 
label  to  ‘“1-azidocalmodulin.  The  right  panel  shows  a  densitometer 
tracing  of  the  Coomassie  Blue-stained  gel  and  autoradiograph.  The 
asterisk  indicates  the  formation  of  a  M,  =  70.000  complex  between 
‘“I -azidocalmodulin  and  the  M,  =  54.000  proteolytic  fragment  derived 
from  the  d  subunit  (see  Fig.  21  visualized  by  autoradiography. 

9.  where  an  example  of  ferritin  alone  and  a  mixture  of  CaM- 
BPim'9-  with  ferritin  are  shown.  As  would  be  expected  for  a 
panicle  that  is  more  than  twice  the  height  (12.1  nm)  of  CaM- 
BP 103  '97*  ferritin  casts  a  shadow  that  is  twice  as  long  and  takes 
up  far  more  platinum  than  CaM-BPi03/97. 

The  molecular  dimensions  determined  for  CaM-BPI0.v97 
indicate  that  it  has  a  shape  similar  to  that  of  a  rigid  ellipsoid 
of  revolution  (Scheraga,  1961).  The  particular  ellipsoid  that 
is  closest  in  shape  to  CaM-BPi0.v97  is  the  oblate  ellipse,  which 
is  formed  by  the  resolution  of  an  ellipse  about  its  short  axis. 
Several  equations  have  been  developed  to  predict  the  hydro- 
dynamic  behavior  of  rigid  ellipsoids  of  revolution  based  on 
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Fig.  8.  Displacement  of  the  I2SI-azido-CaM  photoaffinity 
label  from  the  CaM-BP103«7  by  unlabeled  calmodulin.  CaM- 
BP 103/97  (12  ng/ml)  in  10  mM  HEPES,  100  mM  NaCl.  2.5  mM  Na¬ 
EGTA,  pH  7.3.  was  incubated  with  either  100  or  500  nM  ‘“I-azido- 
caimodulin  in  the  presence  or  absence  of  2.5  mM  CaCl2  and  displaced 
by  the  addition  of  increasing  concentrations  of  unlabeled  CaM.  The 
samples  were  incubated  in  the  dark  for  1  h  at  4  °C  and  photolyzed  by 
UV  irradiation,  and  the  ‘“1  photoaffinity-labeled  complexes  were 
isolated  by  SDS-polvacrvlamide  gel  electrophoresis  as  described  in 
Fig.  7,  The  Coomassie-stained  gel  was  dried  down,  and  the  radiola¬ 
beled  bands  were  visualized  by  autoradiography.  The  regions  on  the 
gel  corresponding  to  a  migration  at  M,  =  113.000  were  excised  and 
assayed  for  ‘“I  in  a  y  counter.  To  ensure  that  all  the  samples  in  the 
assay  received  equal  irradiation  with  the  UV  lamp,  the  incubation 
and  UV  irradiation  was  done  in  a  96-well  microtiter  plate  (Nunclon). 
Each  point  was  assayed  in  duplicate  with  a  standard  error  of  <4 ft. 
and  the  labeling  in  the  absence  of  calcium  was  subtracted  as  back¬ 
ground.  Panel  A  is  an  autoradiograph  of  the  assay  in  which  100  nM 
’“1-azidocalmodulin  was  competed  in  the  presence  of  calcium  with 
unlabeled  calmodulin  at  concentrations  of  0  nM  ( lanes  2-3):  100  nM 
(lanes  5-6 1:  200  nM  (lanes  8-9 1:  500  nM  ( lanes  11-12 1:  1  mM  ( lanes 
14-15):  and  5  mM  ( lanes  17-18 1.  Lanes  1.  4.  7.  10.  13.  and  16  were  the 
controls  done  in  the  absence  of  caiicum.  Panel  B  shows  the  displace¬ 
ment  curves  generated  from  assay  at  100  nM  IB)  and  500  nM  (At  ‘“I- 
azidocalmodulin.  The  inset  is  a  Dixon  plot  of  the  assay  where  the 
dotted  line  indicates  the  point  where  the  intersection  of  the  inhibition 
curves  lies  over  the  x-axis.  B  -  amount  of  undisplaced  label  in  counts 


their  axial  ratios  (Scheraga.  1961:  Cantor  and  Schimmel. 
1980)  and  yield  a  calculated  frictional  ratio  (f/f0)  of  1.23  for 
CaM-BPio3/97  (see  Table  IV).  This  value  differs  from  that 
predicted  from  the  hydrodynamic  properties  (1.56)  by  2191. 
The  possible  significance  of  this  difference  will  be  addressed 
below.  The  calculated  volume  occupied  by  an  oblate  ellipse 
with  the  dimensions  of  CaM-BP,0r,'9-  can  be  used  along  with 
the  partial  specific  volume  and  an  assumed  hydration  to 
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Fig.  9.  Electron  microscopic  visualization  of  CaM-BPioa/st 
by  negative  staining,  rotary  shadowing,  and  unidirectional 
shadowing.  CaM-BPro/r:  (approximately  1(1  *<g/ml)  was  examined 
by  negative  staining  ( column  A);  rotary  shadowing  ( column  B);  and 
unidirectional  shadowing  (column  C)  as  described  (see  “Experimental 
Procedures”).  The  3rd  plate  from  the  top  in  column  C  shows  the 
lerritin  (approximately  20  Mg/mll  alone  used  as  an  internal  standard 
for  molecular  height.  The  fourth  plate  in  column  C  is  a  typical  field 
of  the  mixtures  of  ferritin  and  CaM-BP10.i»r  used  to  determine  the 
molecular  height  of  CaM-BPim/r;  from  the  shadow  lengths.  The  bar 
=  100  nM. 


Table  IV 

Summon  of  molecular  properties  of  CaM-BPW3isi  determined  by 
electron  microscopy 


Property 

Value 

Molecular  diameter 

12.4  ±  1.1  nm° 

Molecular  height 

5.4  ±  0.5  nm* 

Axial  ratio  ( pi 

2.3 

A/,,  calculated' 

203.000 

Frictional  ratio.  f/f,f 

1.23 

“  The  error  represents  the  standard  deviation  determined  from 
A  =  10-1  measurements  of  negatively  stained  fields  of  Cam-BPioMT. 
This  yields  a  calculated  standard  error  of  ±0.1  nm. 

‘The  error  represents  the  standard  deviation  from  A:  =  75  meas¬ 
urements  of  unidirectionally  shadowed  specimens  (see  "Experimental 
Procedures" I.  This  yields  a  calculated  standard  error  of  ±0.6  nm. 

'This  value  is  determined  from  the  total  amount  of  protein  that 
could  occupy  the  volume  of  an  oblate  ellipse  with  a  12.4  nm  diameter 
and  a  5.4-nm  height.  The  calculation  assumes  a  hydration  of  0.4  g/g 
solvent  and  a  partial  specific  volume  of  0.73  cm'Vg  translates  to  0.7S 
daltons/A3. 

‘  Derived  from  the  axial  ratio  ( pi,  by  determination  of  the  Perrin 
factor  (F)  (Scheraga.  1961:  Cantor  and  Schimmel.  19801.  and  used  in 
the  following  equation  as  described  (Duong  et  ai.  19851: 

///„  =  +  *)/;■)'* 

where 


F  =  p1'3  tan"‘|(p2  -  1 11  '*]/(  p-  -  1 )' • 

where  i-  =  0.73  as  determined  from  the  amino  acid  composition  (see 
Table  II)  and  hydration  o  is  assumed  to  be  0.4  g  of  solvent/g  of 
protein  (Kuntzand  Kauzmann,  19741. 


predict  the  molecular  weight  <!  By  using  the 

same  values  for  hydration  and  the  partial  specific  volume  that 
were  used  in  the  determination  of///,,  front  the  hydrodynamic 
measurements  l see  Table  II  I.  a  M,  of  203.000  can  be  calculated 
for  CaM-BIV..  !it  (see  Table  IV).  This  value  is  in  excellent 
agreement  with  the  values  oi  M,  =  200.000  and  197,00(1 
predicted  from  SDS-polvacrylamide  electrophoresis  and  the 
hydrodynamic  properties,  respect  ivelv. 

Identification  of  a  Polypeptide!  s)  in  Brain  that  Cross- reacts 

with  Affinity-purified  Anti-CaM-BP .  led — The  crude 

membrane  fraction  of  bovine  cerebrum  was  analyzed  using 
antibody  against  CaM-BP,,,,,^  and  a  polypeptide(s)  that  mi¬ 
grated  slightly  faster  than  the  M,  =  103.000  o  subunit  of 
CaM-BPin.i/97  with  an  approximate  M,  =  100,000  was  identi¬ 
fied  (Fig.  10).  This  cross-reactivity  was  undetectable  in  the 
vesicle  fractions  (Fig.  10,  lane  3).  but  occurred  at  a  significant 
level  in  the  cytosolic  fraction.  This  cross-reactive  band  is  a 
CaM-binding  protein  since  it  can  be  selectively  adsorbed  out 
of  a  crude  extract  of  bovine  brain  membranes  by  CaM- 
Sepharose  chromatography.  Moreover,  affinity  labeling  of  the 
extract  with  125l-azidocalmodulin  produces  a  M,  =  116.000 
radiolabeled  band  (results  not  shown).  The  trivial  explanation 
that  this  cross-reactivity  could  be  due  to  erythrocyte  contam¬ 
ination  is  ruled  out  since  the  cross-reactivity  seen  in  these 
membranes  is  equivalent  to  that  seen  in  a  10-fold  dilution  of 
red  cell  ghost  membranes  (see  lane  I).  If  this  cross-reactivity 
was  due  solely  to  red  cell  contamination,  then  the  brain 
membranes  would  have  to  contain  a  10%  contamination  with 
red  cells.  This  is  clearly  not  the  case  since  immunoblot  anal¬ 
ysis  with  antibody  specific  for  red  cell  band  3  indicates  that 
red  cell  contamination  accounts  for  less  than  0.1%  of  the  total 
brain  membrane  protein  (not  shown). 
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Fig.  10.  Identification  of  a  M,  =  100.000  peptide(s)  in  brain 
that  cross-reacts  with  erythrocyte  CaM-BPiosuT.  Bovine  brain 
was  homogenized  in  0.25  M  sucrose.  7.5  mM  sodium  phosphate.  100 
ug/ml  PMSF.  pH  7.5.  centrifuged  for  5  min  at  1.000  x  g  to  remove 
nuclei  and  cellular  debris.  The  1.000  x  g  supernatant  was  centrifuged 
30  mm  at  30.000  x  g  to  yield  a  crude  brain  membrane  pellet  and  the 
.30.000  x  g  supernatant  was  spun  45  mm  at  10.000  x  g  to  yield  a 
vesicle  pellet.  Gel  samples  from  the  fractionation  steps  were  processed 
by  electrophoresis  on  SDS-polvacrylamide  exponential  gradient  gel 
and  stained  with  Coomassie  Blue.  Parallel  lanes  were  transferred 
elect rophoreiically  to  nitrocellulose  and  analyzed  by  the  immunoblot 
procedure  with  affinity-purified  anii-CaM-BPimn-  IgG  or  affinity- 
purified  nonirr.mune  IgG  (see  “Experimental  Procedures"!:  erythro¬ 
cyte  ghost  membranes  ( lane  It:  20.000  x  g  brain  membrane  pellet 
( ianc  2):  100.000  X  g  brain  vesicle  pellet  (lane  3 1;  100.000  X  g 
supernatant  (lane  4 1. 


n  wvTrviwwwv.'vu'irj  wvwnr JVM  iru  wvwm  ir*' V\;  vwuwiruwvuvv  vv  iru  w  y\i  w  *%.  wvtmsiwawumi  iruwviruirj  jtj  iru  wviru 


Tied  Blood  Cell  Calmodulin-binding  Protein 


DISCUSSION 

This  report  describes  the  identification,  purification,  and 
characterization  of  a  new  calmodulin-binding  protein  from 
human  erythrocyte  membranes.  The  protein  is  tightly  asso¬ 
ciated  with  the  membrane  skeleton,  binds  calmodulin  with  a 
Kj  of  230  nM,  and  is  present  at  an  estimated  <30,000  copies/ 
cell.  This  calmodulin-binding  protein  (CaM-BP,,,.,^  is  a 
heterodimer  with  subunits  of  Afr  =  103,000  and  97,000  (termed 
«  and  d,  respectively).  Its  large  frictional  ratio  (///„)  indicates 
that  the  protein  possesses  a  high  degree  of  asymmetry  Pho- 
toaffinitv  labeling  of  the  M,  =  97,000  d  subunit  of  CaM- 
BP  iu.1/97  indicates  that  the  calmodulin-binding  site  may  reside 
on  that  polypeptide.  Electron  microscopic  visualization  of 
CaM-BPioi/97  (Fig.  9)  demonstrates  that  it  is  a  flattened 
circular  molecule  with  an  axial  ratio  of  2.3.  This  shape  is  very 
similar  to  that  of  an  oblate  ellipsoid  of  revolution  and  is 
consistent  with  the  degree  of  asymmetry  predicted  by  its 
hydrodynamically  determined  frictional  ratio.  Finally,  ana¬ 
logues  of  CaM-BPio:i/97  may  exist  in  more  complex  cells  since 
a  M,  =  100,000  polypeptide(s)  has  been  identified  in  brain 
that  cross-reacts  strongly  with  affinity-purified  anti-CaM- 
BP,  IKf/H7  IgG  and  binds  calmodulin  (Fig.  10). 

CaM-BP, o:i/97  is  not  one  of  the  major  red  cell  proteins  nor 
is  it  a  degradation  product  of  these  proteins.  Therefore,  as  a 
protein  that  represents  less  than  1%  of  the  total  red  cell 
membrane  protein,  it  is  not  surprising  that  CaM-BPioi/97  has 
gone  unnoticed  until  now.  In  fact,  there  are  several  aspects  of 
CaM-BP  103/97  and  its  calmodulin  binding  activity  that  may 
have  allowed  it  to  elude  recognition  over  the  past  few  years. 
First  of  all,  its  M,  =  103,000  and  97,000  subunits  migrate  at 
a  position  on  SDS-polvacrylamide  gels  that  is  obscured  by 
band  3  (see  Fig.  1).  Second,  due  to  the  sensitivity  of  CaM- 
BP 109/97  to  both  degradation  by  endogenous  proteases  and 
cross-linking  of  its  internal  sulfhydryl  groups  (see  Figs.  2  and 
3),  the  appearance  of  these  polypeptides  on  Coomassie  Blue- 
stained  gels  can  be  greatly  diminished  in  preparations  of 
membranes  where  care  was  not  taken  to  minimize  the  effects 
of  proteolysis  and  oxidation. 

A  third  aspect  of  CaM-BP,03/97  that  may  explain  why  it  has 
evaded  detection  for  so  long  is  its  affinity  for  calmodulin. 
CaM-BPioi/97  has  a  binding  constant  of  230  nM  for  calmodu¬ 
lin,  which  is  comparable  to  the  affinity  expressed  by  other 
calmodulin-binding  proteins  such  as  myosin  light  chain  ki¬ 
nase  (Johnson  et  al.,  1981),  and  is  physiologically  significant 
since  calmodulin  is  present  at  micromolar  concentrations  in 
the  erythrocyte  (Jarrett  and  Penniston,  1978).  Nonetheless, 
the  binding  of  CaM-BP, 09/97  to  calmodulin  is  undetectable  in 
assays  of  the  binding  of  radiolabeled  calmodulin  to  ghost 
membranes  (Niggli  et  al,  1979;  Agre  et  al.,  1983).  This  is 
because  the  binding  by  CaM-BP,03/97  is  overwhelmed  by  the 
high  affinity  binding  of  the  (Ca2*  +  Mg^t-ATPase  and  other 
calmodulin-binding  proteins  of  the  erythrocyte  membrane, 
which  have  a  Kd  for  calmodulin  in  the  range  of  0.5-75  nM 
(Agre  et  al.  1983).  It  should  be  pointed  out.  however,  that 
Scatchard  plot  analysis  of  the  calmodulin -binding  proteins 
present  in  the  low  salt  extract  of  ghost  membranes  (Agre  et 
al,  1983)  indicates  binding  activities  as  low  as  530  nM. 

The  formation  of  an  irreversibly  cross-linked  CaM-BPioi/97 
complex  by  the  125I-azidocalmodulin  photoaffinity  label  (Fig. 
7)  is  a  useful  technique  for  the  qualitative  detection  of  cal¬ 
modulin  binding.  This  technique  unfortunately  suffers  from 
two  major  drawbacks  in  its  direct  application  as  a  quantitative 
binding  assay.  First,  a  preparation  of  mI-azidocalmodulin 
contains  four  different  species  of  calmodulin:  CaM  that  is 
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modified  with  both  the  photoactivatable  reagent  and  the 
Bolton  Hunter  radiolabel,  CaM  that  is  modified  with  either 
of  the  two  reagents,  and  native  CaM  that  is  not  modified  by 
either  reagent.  The  relative  amounts  of  these  species  vary 
among  preparations.  In  view  of  this,  there  is  no  way  to  obtain 
a  reliable  estimate  of  the  true  specific  activity  of  the  active 
species,  namely  the  double-modified  IMI-azidocalmodulin. 
This  precludes  the  possibility  of  obtaining  estimates  of  bind¬ 
ing  stoichiometries.  Second,  each  of  the  modifying  reagents 
are  amino  reactive  and  highly  specific  for  the  lysine  residues 
on  calmodulin.  Walsh  and  Stevens  (1977)  have  shown  that 
modification  of  between  1  and  2  residues  of  lysine  on  calmod¬ 
ulin  results  in  60-70%  reduction  in  its  ability  to  activate  its 
target  proteins. 

Since  the  use  of  125I-azidocalmodulin  alone  would  produce 
quantitative  errors  due  to  the  uncertainty  in  the  specific 
activity  and  affinity,  we  opted  to  use  a  competitive  assay  in 
which  the  competing  species  would  be  unmodified  calmodulin 
(Fig.  8).  The  use  of  this  displacement  assay  in  combination 
with  Dixon  analysis  obviates  the  need  to  know  the  specific 
activity  or  affinity  of  the  modified  12SI-azidocalmodulin,  pro¬ 
vided  that  the  two  displaced  concentrations  share  the  same 
specific  activity.  In  fact,  the  analysis  outlined  bv  Dixon  (1953) 
describes  a  method  to  estimate  the  affinity  of  the  “substrate” 
or  the  competed  12SI-azidocalmodulin  from  the  x-intercepts  of 
the  Dixon  plot  (Fig.  8,  inset).  By  this  method,  it  is  estimated 
that  the  ml-azidocalmodulin  used  in  this  study  binds  CaM- 
BP ,01/97  with  an  apparent  affinity  of  550  nM.  This  is  quite 
consistent  with  the  60-70%  reduction  in  affinity  that  is  to  be 
expected  by  the  dual  modification  of  calmodulin. 

Hinds  and  Andreasen  (1981)  have  used  an  mI-azidocal- 
modulin  photoaffinity  label  to  detect  calmodulin-binding  pro¬ 
teins  on  ghost  membranes.  The  major  protein  that  was  labeled 
in  this  study  was  the  (Ca2*  +  Mg2*)-ATPase.  The  lack  of 
labeling  of  other  proteins  could  be  due  to  the  fact  that  mem¬ 
branes  were  washed  twice  prior  to  photoactivating  the  label 
by  UV  irradiation.  This  procedure  may  have  dissociated  any 
label  bound  to  CaM-BP,o3/9-.  The  photoaffinitv  label,  em¬ 
ployed  in  this  current  study,  has  been  used  to  label  ghost 
membranes  and,  if  photoactivated  before  the  membranes  are 
washed  to  remove  unbound  CaM.  a  M,  =  113.000  radiolabeled 
complex  is  formed  in  these  preparations  (data  not  shown). 
Nonetheless,  the  M,  =  113.000  complex  accounts  for  less  than 
10%  of  the  total  label  incorporated  into  the  membrane  while 
the  majority  of  the  labeling  occurs  on  the  ATPase.  This  low 
level  of  labeling  on  intact  ghost  membranes  could  be  due  to 
unfavorable  orientations  of  the  photoactivatable  groups  dur¬ 
ing  photolabeling  in  situ  or  to  the  lower  affinity  of  modified 
calmodulin  as  described  above. 

The  frictional  ratio  calculated  by  the  molecular  dimensions 
of  CaM-BPio3/97  estimated  by  electron  microscopy  differs  by 
21%  from  that  determined  hydrodynamically  (see  Tables  II 
and  IV).  Part  of  this  difference  can  be  accounted  for  by  the 
differential  weight  that  each  calculation  places  on  hydration. 
Still,  there  is  a  large  part  of  this  difference  that  cannot  be 
accounted  for  entirely  by  hydration.  Thus,  CaM-BP,0i/97  is 
similar  to  but  does  not  exactly  fit  the  model  of  an  oblate 
ellipse  of  revolution.  There  may  be  some  structural  features 
of  CaM-BP,o3/97.  such  as  a  short  projection  or  “tail."  that  are 
not  accounted  for  in  the  model  of  a  rigid  ellipsoid  of  revolu¬ 
tion.  In  support  of  this,  there  are  several  negatively  stained 
images  of  CaM-BPioi/97  (Fig.  9.  column  A),  with  small  irregular 
projections.  Such  projections  would  contribute  little  to  the 
molecular  volume  or  mass  but  would  have  a  measurable  effect 
on  the  frictional  ratio. 
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At  the  moment,  the  function  of  CaM-BPim*?  m  the  re<^  ce^ 
or  of  its  analogue  in  brain  is  unknown.  Many  of  the  known 
calmodulin-activated  proteins  have  protein  kinase  or  phos¬ 
phatase  activity.  Preliminary  assays  of  the  purified  protein  in 
the  absence  and  presence  of  Ca2+  and  calmodulin  have  re¬ 
vealed  no  kinase  or  phosphatase  activity  toward  proteins  in 
intan  ghost  membranes,  cytosol,  purified  red  cell  ankyrin,  or 
spectrin.  The  110-kilodalton  actin-bindmg  protein  of  the  in¬ 
testinal  microvillus  (Howe  and  Mooseker,  1983)  shows  a 
superficial  resemblance  to  CaM-BPIIKi/97,  but  this  protein 
seems  linear  by  electron  microscopy  and  binds  calmodulin 
very  tightly  in  the  absence  of  calcium  and  thus  is  distinct 
from  CaM-BPiua/97.  Although  an  enzymatic  role  for  CaM- 
BPio.h/97  cannot  be  ruled  out,  the  protein  may  be  playing  a 
calcium/calmodulin-regulated  structural  role  in  the  mem¬ 
brane  skeleton.  In  fact,  there  are  several  structural  proteins 
that  have  calmodulin  binding  activity.  These  include  spectrin 
{Sobue  et  al ,  1981a;  Berglund  et  al.,  1984),  tubulin  (Kumagai 
et  al.,  1982),  caldesmon  (Sobue  et  al,  1981b;  Bretscher,  1984), 
and  several  of  the  calmodulin  binding  “flip-flop”  proteins  that 
show  calcium/calmodulin-dependent  binding  to  actin  fila¬ 
ments  (Sobue  et  al. ,  1983).  Whether  or  not  CaM-BPi0:v97  is 
related  to  these  flip-flop  proteins  will  require  further  study. 

Since  CaM-BPiwt/97  is  in  the  low  salt  extracts  of  erthrocytes 
and  is  therefore  a  likely  contaminant  in  crude  preparations 
of  spectrin -4.1 -actin  complexes,  its  presence  along  with  a 
small  amount  of  calmodulin  remaining  from  the  cytosol  could 
explain  the  reports  of  calcium  regulation  of  spectrin-4. 1  cross- 
linking  of  actin  filaments  (Fowler  and  Taylor,  1980).  It  is 
particularly  interesting  in  this  regard  that  the  number  of 
copies  of  CaM-BPjoa/97/cell  is  very  similar  to  the  amount  of 
actin  proto filaments/erythrocvte.  CaM-BP103/97  could  be  play¬ 
ing  a  calcium/calmodulin-dependent  role  in  capping  or  regu¬ 
lating  protein  association  of  the  actin  filaments  of  the  mem¬ 
brane  skeleton.  The  presence  of  bands  that  co-migrate  with 
actin  and  the  actin-bundling  protein,  band  4.9,  in  the  crude 
preparation  of  CaM-BPi03/97  isolated  by  both  DEAE-  and 
CaM-Sepharose  affinity  chromatography  (Figs.  1  and  6)  sup¬ 
ports  this  notion.  In  any  case,  further  characterization  of 
CaM-BPio3/97  will  necessitate  the  use  of  reconstitution  studies 
with  inside-out  vesicles,  cvtoskeletons,  and  isolated  spectrin - 
actin  complexes  in  order  to  determine  the  true  function  and 
mode  of  regulation  of  this  new  protein. 
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